University of Massachusetts Amherst

ScholarWorks@UMass Amherst
Doctoral Dissertations 1896 - February 2014
1-1-1974

Crystallization of polyblends :: Blends of poly-[epsilon]caprolactone and poly (vinyl chloride).
Chung-Jian J. Ong
University of Massachusetts Amherst

Follow this and additional works at: https://scholarworks.umass.edu/dissertations_1

Recommended Citation
Ong, Chung-Jian J., "Crystallization of polyblends :: Blends of poly-[epsilon]-caprolactone and poly (vinyl
chloride)." (1974). Doctoral Dissertations 1896 - February 2014. 602.
https://doi.org/10.7275/c9qy-gf47 https://scholarworks.umass.edu/dissertations_1/602

This Open Access Dissertation is brought to you for free and open access by ScholarWorks@UMass Amherst. It
has been accepted for inclusion in Doctoral Dissertations 1896 - February 2014 by an authorized administrator of
ScholarWorks@UMass Amherst. For more information, please contact scholarworks@library.umass.edu.

CRYSTALLIZATION OF POLYBLEIIDS
BLENDS OF POLY- e- CAP RO LAC TONE

AilB

P OLY (VIOTL CHLORIDE)

A Dissertation Presented
By
CHUNG- JIAN

J.

ONG

Submitted to the Graduate School of the
University of Massachusetts in
partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Noveniber 1973

Major Subject:

Polymer Science and Engineering

Chung-jian

J.

Ong

All Rights Reserved

il

1973

CRYSTALLIZATION OF POLYBLENDS

A Dissertation
By

CHUNG- JI AN

J.

ONG

Approved as to style and content by

;

/

./i-^

Chairman of Committee

Head of Department

Member

.

Meitib„er

November 1973

iii

DEDICATED TO

MY PARENTS AND MY WIFE, SHIH-MAY

iv

ACKNOWLEDGMENTS

The author wishes to express his sincere appreciation to Professor

Price,

F, P.

thesis director, for his inspiration, guidance and encour-

agement throughout the course of this research.
Sincere gratitude is also extended to the other members of the
thesis committee, Professor R,

S.

Porter and Professor

R.

L. Laurence,

for their constructive criticisms and suggestions during the course of
this work.

Tne author has appreciated discussions concerning this research

with other professors and students; specific thanks go to Professor
Stein and Dr. D. Yoon.

R. S.

Thanks are also extended to Mrs. Gay Flannelly for typing the
thesis

•

Also, the author wishes to thank Dr.

J.

V.

Carbide Corporation for providing the samples.

V

Koleske of Union

ABSIHACT

The crystallization of poly-c-capro lac tone from the blends
of

poly-£-caprolactoae (PCL) and poly(vinyl chloride) (FVC) was investigated.

Studies have been made of the morphologies, melting behaviors,

degrees of crystallinity and crystallization kinetics of PCL from mixtures containing up to 50 weight percent of PVC.

The observations made with the optical microscope and electron

microscopes indicate that for the blends, the samples are almost completely filled with spherulites composed of lamellae radiating from
the spherulite center and twisting regularly.

As the concentration of

PVC increases, the texture of the spherulites crystallized at the same
temperature becomes increasingly coarse and open.

Tlie

results of the

elementary analysis made with an x-ray spectrometer indicate a uniform

distribution of chlorine atoms in the blends regardless of the composition.

X-ray diffraction studies reveal that the unit cell dimensions

of PCL are not changed by the presence of PVC.

observations

5

On the basis of these

it is believed that the PVC molecules were trapped within

the spherulites but were rejected preferentially into interlamellar

regions
The melting behaviors of the blends were studied with a differThese blends show a depression of

ential scanning calorimeter (DSC).
the melting point of the PCL,

The melting point depression of the

polyb lends analyzed with Flory's theory, coupled with the kno^-m heat

vi

of fusion of PCL, indicates that about 8-9 PVC monomer
units act as

a single diluent unit to depress the melting point of
PCL.

The degrees of crystallinity were measured by heat of fusion,

density, and x-ray diffraction.

It was found that the crystallinity

of the PCL present decreases with increasing PVC content, as
the blend

containing more than 70 percent PVC exhibits no tendency for PCL to
crystallize.

Dynamic mechanical properties determined with a rheovibron were
used to ascertain the glass transition temperature of the blends.

It

was found that the blends over a wide range of composition display a

single glass transition intermediate between the transition of the

respective components.

The glass transition shovjs a systematic in-

crease with increasing PVC concentration.
The crystallization kinetics were studied by measurement of both

spherulitic growth rate and overall crystallization rate.

The isother-

mal spherulitic growth rates were measured with an optical microscope
and by light scattering.

Linear growth rates were obtained for all

samples at temperatures betT^reen

and 35 °C.

20*^

The introduction of PVC

into PCL results in a reduction in spherulitic growth rate.
The overall rates of crystallization were measured with a density

gradient column.

The Avrami equation was employed to analyze the iso-

thermal crystallization kinetics.

It was found that for these blends,

the value of Avrami constant k decreases markedly with increasing PVC

concentration.

However, the Avrami constant n has a value in the

vii

neighborhood of

3

almost independent cf the composition.

In light of

these results it is suggested that for these blends
the crystallization

proceeds by heterogeneous nucleation, followed by a
three-dimensional
growth.

viii
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INTRODUCTION

A polymer molecule that possesses

a

high degree of chemical and

structural regularity among its chain elements, under
appropriate conditlons of temperature, pressure and stress, is
capable of undergoing
crystallization.

Indeed, crystallization has been observed in a
wide

variety of polymers and has been of great interest to many
investigators.

ly^

^

The crystallization of polymers has been studied both
kineticaland morphologically.^

Numerous investigations have been con-

ducted on polymers crystallizing from dilute solutions,
glasses"'"^'"''

and vulcanizates

concerned with homopolymers

multlcomponeut systems.

.

•

'

'''^

'"^^

melts,

"'"'^^

The majority of studies have been

Less attention has been directed to the

Of these studies, most have been concerned

with copolymers and polymer-monomeric diluent mixtures.

17

1
'

Polymer

blends composed of several components are replacing homopolymers in

increasing amounts.

However, the study of the crystallization of

polynteric mixtures has received relatively little attention.

A pclyblend is a single entity of material containing within its
physical boundary at least two thoroughly mixed polyiners which are not
linked covalently.

The properties of a homopolymer can be modified by

blending it with other polymers to obtain superior materials with desirable characteristics.

The properties of a polyblend are determined

by the molecular structure of the respective components, the compati-

bility of the component chain molecules, and the arrangement of the
superstructure.

Blending high polymers consisting of long chain

2

molecules is different from mixing liquids.

different polymers is rare.

True compatibility betu-een

Various methods to determine compatibility

have been proposed, and each method has its own
standard and sensitivity.

-^^'-^^

Compatibility in polyblends is a relative property, and
no

scale has been established for comparison.

A number of polymer systems

have been reported to be compatible; some of these are blends
of poly(2,6-dimethyl phenyiene oxide)

(PPO) with polystyrene^^ and blends of

poly(vinylidene fluoride) with poly(methyl methacrylate) and poly(ethyl
methacrylate)

21*
.

Poly-e-caprolactone is a highly crystalline polymer and is com-

patible with a wide variety of other polymers.

Koleske and Lundberg^

measured the glass transition temperature, Tg, of the blends of poly-ecaprolactone and poly(vinyl chloride) with a torsion pendulum.

It

vjas

found that the blends over a wide range of composition display a single

glass transition intermediate between the transition of the respective
components.

The transition data were well fitted by both the Fox

and the Gordon- Taylor

25

24

expressions

It has been found that diluents affect the use and processixig

properties of polytners, because of their influence on both the crys-

tallization kinetics and the resultant morphology of diluted polymer
systems.

^

It is the purpose of the v/ork described in this thesis

to study the crystallization of such a compatible polyblend in order

to have a better understanding of the effect of the second polymeric

component on the morphology, melting behavior, degree of crystallinity
and crystallization kinetics of the crystallizable polymer.

Modem

developn>ents In Instrumentation
have

alWd

utilizing very small amounts of
material.

us

to make these studl

A

CHAPTER

I

HISTORICAL SURVEY

In this chapter a brief review of the existing
literature is

presented.

This review will yield a basis for interpretation
of the

experimental results as well

A.

as

a justification for this thesis.

Morphology of Crystalline Polymers

Many synthetic high polymers are crystallizable.

Wxen the crystal-

line nature of polymers was first recognized, several factors had to be

considered.

First, the crystals were small and imperfect as judged by

the breadth of the x-ray reflections.

Second, properties such as den-

sity and heat of fusion indicated that only a fractional amount of the
total material was crystalline, even in the most highly crystallized
polymers.

Furthermore, in contrast to usual poly crystalline substances,

the crystalline polymer still behaved as a polymeric material, remaining

pliable and highly elastic even if stronger and stiffer than it would be
in the amorphous state at the same temperature.
In order to explain these features, the fringed micelle concept was

first advanced in 1930 by Hermann, Gerngross and Abitz.

29

Ta±s model

(see Figure 1) is based on a two-phase concept in which the randomly

oriented crystalline regions are considered as being dispersed in an
amorphous matrix.

Individual molecules are assumed to extend from one

crystallite to aiocher, passing through the amorphous regions.

It is

believed that the crystalline
regions are fairly perfect
and that
the amorphous regions are completely
disordered.
The fringes are the
portions of the molecules In the
transition region between the
perfect
crystal and the amorphous matrix.
Although this model qualitatively
accounts for many features of the
thermodynamics and physical
properties
of crystalline polytaers, It suffers
many deficiencies; viz.. It
does not

account for the specific orientation of
particular planes of crystals

upon stretching, and it makes it difficult
to explain the occurrence
of

microscopic aggregates of crystalline materials

knov7n as spherulltes

Another concept, influenced by the discovery
of polymer single
crystals grown from dilute solutions by Till,-^^
Keller^^ and Flsher^^
in 1957, Involves the folded-chain lamellae
model (see Figure

which the polymer chain zigzags back and forth within
and does not pass from one crystal to the other.

2)

in

a single crystal

Electron diffraction

measurement indicates that the chains are oriented normal
or are tilted
at an angle to tha larger face of the crystal.
to fold regularly and re-enter

The chains are assumed

the crystal imm.ediately adjacent to

themselves

With the existing knowledge of properties of crystalline polymers,
a third model of crystalline polymer has been proposed by Hosemann

and

*

is shown in Figure 3.

In this model,

the crystalline regions occur in

extended structures which are often thin and sheet-like, and the amorphous chains may fold back and re-enter the crystal with some degree of
regularity.

Some chain ends,

s

tacking-f aults

,

short side groups and

loops are included within the crystal, but there is a tendency toward

exclusion of these i:nperf ections into
intercrys talline regions as demonstrated by kinetic and morphological
studies by Keith and Padden.^^
The most prominent structural
organization in crystalline polymers
is spherulite, which was first
noticed in 1945 by Bunn and Alcock.^^

Here the crystals are not uniformly and
randomly distributed throughout
the polymer but grow in spherically
symmetrical aggregates of a type

well described by Keith and Padden.^^

Spherulites are recognized by

their characteristic appearance in the polarizing
microscope, where they
are seen as circular birefringent areas
possessing a dark Maltese cross

pattern whose arms are parallel to the directions of
the polarizer and
analyzer.

Ttiis

appearance can be accounted for by a spherically sym-

metrical arrangement of uniaxial refractive index ellipsoids.
equatorial section is shown diagrammatically in Figure

4.

A plane

If the

refractive index in the radial direction is larger than that in the
tangential direction, the spherulite is termed positive (Figure 3a).
If

the larger refractive index is tangential,

negative (Figure 3b).

the spherulite is termed

The black cross is due to zero amplitude, arising

from the vibration directions of the refractive index ellipsoids in the
arms of the cross lying parallel or perpendicular to the plane of polar-

ization.

39

The spherulite is formed by crystallization initiating from

a primary nucleus, with growth primarily proceeding in the immediate

vicinity of the previously grown crystals.

Keller and Waring^^ have

postulated a regular branching mechanism which indicates that the spherulites begin growth by fibril branching and that this branching follows
a regular pattern,

repeating at constant distances with a constant

7

angle,

and leads to a sheaf-like
structure which fans out and
finally

develops into

a

spherulite.

The primary nucleus is
usually a foreign

particle (heterogeneous nucleation)
but may arise spontaneously
in the
melt (homogeneous nucleation). The
spherulite consists of a fibrillar
structure of lamellae radiating from the
spherulite center.

Tb.e

spher-

ulites in some polymers are complicated
by a banded appearance when

viewed in the polarizing microscope.

The continuity of the extinction

bands indicates that neighboring lamellae
over a considerable angular

range twist in phase with a fixed pitch. ^^"^^

l^e excinction bauds are

due to zero birefringence, arising from
the optic axis of the crystals
In the extinguished portions of the bands
being parallel to the direction of the light. ^^"^^ The period of the Lvist
usually increases with

Increasing crystallization temperature.

'^^''^'^

Spherulites generally contain both crystalline and amorphous
material.

The crystalline material is believed to be contained
within the

lamellae, whereas the amorphous material may be in the form of
loose
loops of folded-chain crystals, tie chains between crystals,
amorphous

material in interlamellar

B.

ions and defects within the crystal.

Degree of Crys tallinity

As has been described, many investigators recognized that crystal-

line poljrmers were intermediate in order between ideally crystalline

solids and liquid-like amorphous materials.

X-ray diffraction patterns

of crystalline polymers showed a series of broad but distinct

8

crystal-like Bragg reflections superimposed on
like diffuse halo.

a

background of liquid-

According to the micelle model, the
polymeric ma-

terial consisted of numerous small crystallites
randomly distributed

throughout the solid and linked by the intervening
amorphous regions.

Many important properties of crystalline polymers are
dependent upon
the number, size and arrangement of the crystallites;
it is therefore

important to be able to characterize these factors of crystallinity
Basically, methods of measuring polymer crystallinity have implicitly relied on the following definition of the degree of crystallinity.

Let

be a particular intensive property of the polymer.

An apparent

degree of crystallinity is defined on the basis that the polymer solid
is composed of an ideal, perfectly ordered crystalline phase and an

ideally disordered liquid-like amorphous phase whose properties (Pc°)^
and (Pa

o i
)

are additive.

Then, if the degree of crystallinity is x^,

one can state

P^ =

(Pc°) + (1 - x^)

(Pa°)

(1)

A superscript is placed on the apparent degree of crystallinity since
a substance composed of non-ideal phases will generally shov? a differen

apparent degree of crystallinity for each property measured.

=

Thus

<''»°>'

:

.

(Pc°)" - (Pa°)"

(2)

9

Among the properties most commonly used
are specific volume^^"^^^ and
enthalpy of fuslon.55.56
scopy

64,65
In Eq.

dif f ractlon^7-63

^^^^^^^^

can also be used to determine crystallinity
in polymers.
(1)

it is assumed that the semi-crystalline
polymer can be

considered a mixture of amorphous and crystalline
phases, each behaving
Independently.

In the real sample of polymers, the
crystallites are

not definite entities with sharp boundaries
separating them from the

surrounding amorphous medium.

They are small regions in which chain

segments have a geometric regularity of arrangement and which
are con-

nected to the surrounding amorphous material by segments
in which the
crystalline order is partially maintained.

Besides, the crystallites

must contaj.n some defects and dislocations arising from the entanglement
of the molecules in the bulk state.

Thus, in the value of any physical

property there is no sharp discontinuity bet^veen the amorphous and the
crystalline phases.

Any such property chosen as a measure of crystal-

linity will divide the imperfectly crystalline material between these
two phases in a way characteristic of the particular parameter and

method of data evaluation.

It is expected that different methods of

determining crystallinity will give different numerical results; nevertheless, each method should give the same set of relative values when

applied to a series of samples.

C.

Nucleation and Gro^Jth of Crystals

The development of a new phase within a mother phase, as a crystal

within a liquid, involves the birth of the phase and its subsequent

10

development.
growth.

The former process is termed nucleation
and the latter,

It has been recognized that in high
polymers, not only is the

initial formation of the crystalline regions
dominated by nucleation

processes but so also Is their subsequent
development.
can be either homogeneous or heterogeneous.

The initiation

Homogeneous nucleation is

the pure supercooled melt; heterogeneous nucleation
is the process of

birth of small crystalline regions on a foreign
particle.

The subse-

quent growth of the new layers on the previously existing
crystal
surfaces is controlled by

a

secondary nucleation process .^^ '^'^

The general theory of nucleation is based on the assumption that

thermal fluctuations in the liquid (melt or solution) result in the
continued formation of crystalline clusters of molecules.

The interfacial

surface tension between the liquid and solid results in an increase of
the interfacial free energy with increasing surface area of the cluster,

whereas the difference in chemical potentials of the liquid and solid
results in a decrease of the bulk free energy with increasing volume
of the cluster.

the clusters are very small,

If

the system increases with increasing size.
is thus thermodynamic ally unfavorable;

Growth in this size range

these clusters will tend to dis-

appear as a result of thermal fluctuation, i.e.

dissolve.

the free energy of

,

crystals will melt or

However, if the clusters are larger than a certain critical

size (see Figure

5)

,

with increasing size.

the change in free energy of the system is negative

Such growth is thus thermodynamically favorable,

and the clusters will tend to grov; steadily.

The critical nucleus size decreases with decreasing temperature

11

and thus the nucleation rate will
rapidly increase with increasing

supercooling.

According to Fisher and Tumbull,^^ the
rate of formation of both
primary and grov/th nuclei is

I =

Here

exp (-AE /kT) exp (-AF^/kT)

(3)

±3 a temperature independent constant reflecting
molecular prop-

erties, and in the case of nucleation control of
growth is a function
of the crystal geometry; AE" is the activation energy for
the transport

process at the crystal-liquid interface; AF* is the work required
to
form a nucleus of critical size; k is the Eoltzmann constant; and T
is
the absolute temperature.

AF* is inversely proportional to the difference between the ther-

modynamic melting temperature and the crystallization temperature.

At

temperatures just below Tm, the nucleation rate has a very large negative temperature coefficient, primarily as a result of the variation
of the nucleation term exp (-AF^/kT)

.

As the temperature is decreased

further, the nucleation rate increase reaches a maximum value and then

decreases.

At temperatures below the maximum, the positive temperature

coeffici-ent is a result of the dominance of the transport

(-AE /kT).

tei"in

exp

A generalization of the rate dependence of crystallization

on crystallization temperature for polymers shows a symmetrically shaped

curve between the glass transition temperature, Tg, and the melting tem-

perature, Tm, as shown in Figure

6,

12

TK_^era]J_Cr;^an^
Experimental observations of the
development of crystallinity
in
polymers have consisted of two general
kinds.
One widely-used type of

observation consists of the direct
determination, by means of optical

microscopy/>26,28

^^^^

i3,thermal rate of spherulite
formation and

subsequent growth, as indicated in the
previous section.

The other

type has been concerned with assessing
the isothermal rate at which
the

total amount of crystallinity develops
from the supercooled liquid.

In

carrying out these experiments, it is
necessary to follow the changes
in a property which is very sensitive to
the presence of crystallinity.
Among the properties most frequently employed
are specific volume by

dilatometry

15

or density by gradient column.

Other methods which

have been used are infrared spectroscopy .''^'^^
nuclear spin resonance
spectroscopy,

differential scanning calorimetry^^ and plane-polarized

light depolarization techniques

.

'''^

For a variety of polymers the isothermal development of
crystallinity follows a very similar if not universal pattern, first observed
by

Bekkedahl

74

for natural rubber.

When a polymer is quickly transferred

from a temperature above Tm to the desired crystallization temperature,
a well-defined apparent induction time occurs before crystallization

becomes observable.

After the onset of observable crystallization the

process proceeds at an accelerating rate, and eventually a pseudo-equi-

librium degree of crystallinity is approached.

A description of the overall crystallization kinetics of polymers

must contain the combined effects
of nucleation and growth
of crystalline entities from the melt.
For most
cases of interest, isothermal

crystallization can be described in terms
of nucleation frequency and
growth rate. Von Goler and Sachs^ first
used this type of treatment

for monomerlc substances.

In 1939 Avrami^ developed
the theory of the

kinetics of phase change for metals.

Many other inves tigators^^ '^^

also derived relationships similar to
those of Avrami and used them
to describe the crystallization
kinetics in polymers.

The Avrami kinetics were developed with
several simplifications.
It is assumed that the nuclei are randomly
distributed throughout the

entire system; this will not be true if the walls
of the container
change the nucleation of the melt.

It is also assumed that the nu-

cleation is either instantaneous at the start of the process
yielding
a fixed number of nuclei

(i.e., heterogeneous nucleation) or sporadic

homogeneous nucleation.

However, these may be

more general relationship.

t^vo

special cases of a

Many investigators'''''^^ have observed that

nucleation is a combination of sporadic and predetermined processes.
It is further assumed that the growth rate of the growing center
is linear.

In polymers this is generally true, except when the growing

centers are close to im.pingement. 79

Further, it is assumed that the

density of the transformed entities is constant.

This is not true in

polymers.
The bulk-crystallization rate of a supercooled melt can be ex-

pressed by the modified Avrami equation^^

=

[1 - exp(-kt^)]
(4)

where

is

the weight fraction of crystallinity
at time

t,

X

is

the

equilibrium crystallinity. and n and k are
Avrami constants dependent
on nucleation growth, equilibrium
crystallinity and the dimensionality
of the growth process.

If bulk isothermal crystallization
rates are

obtained by density measurement, Eq.

V

= Ink
O

and

can be written in the form

- V

In

where V^,

(4)

+ n Int

(5)

CO

are the specific volume at the beginning, time

t,

and end stages of the crystallization process, respectively.
Thie

^^^t

"

experimental data are usually analyzed by plotting In [-In

^oo^/^^o "

^''co^)^

against Int.

If the simplified theory is obeyed,

a straight line should result, from which the parameters n and k can
be

obtained.

Many inves tigators^^

'^"^

have used the value of n to describe

the type of nucleation and the geometry of growth in polymers.

However,

it is not unusual to find non-integral values of n experimentally

*
.

In many polymers the Avrami or primary crystallization is followed

by a slow secondary

cr^^'s

tallization.

83—85

The phenomenon of secondary

crystallization may arise either from the crystallization of

a

more

difficult to crystallize component or from an increase in the perfection of the existing crystallites.
is more acceptable.

According to Sharpies,

86

the latter

15

i:

Crystallizat iQn_of Polyner-Diluent Mi
xtures

The crystallization of a polymer can
occur from mixtures ^^hlch

contain a low molecular weight diluent as
an added ingredient.

The

transformation occurs over a wide range of
composition, from only a
few percent diluent to very dilute solutions
containing less than 0.1

percent polymer.

Theoretical and experimental evidence^^ indicates

that the diluent is usually excluded from the
crystal lattice formed
by the polymer, so that the phenomenon is analogous
to the crystalli-

zation of only one component from a binary liquid
mixture.
In 1957, polymer single crystals grown from dilute solution
were

first discovered.
appearance:
thick.

31-33

Polymer single crystals have the same general

they consist of thin platelets or lamellae about 100 X

Thickening of the crystals during growth at a constant tem-

perature occurs by spiral growth of additional lamellae from a type of
screw dislocation.

When crystallized at high temperatures in low con-

centrations, the crystals forming are diamond-shaped.

When the temper-

ature of crystallization is lowered or the concentration is increased,
the crystals become increasingly dendritic in appearance.

With the aid

of combined electron microscopy and electron diffraction, Keller 32 has
'

dra\^m the conclusion that in single crystals

the molecules bend sharply

back on themselves, forming a regular folded configuration.
The crystallization of a polymer can also occur from mixtures
v/hich contain a polymer as an added ingredient.

Keith and Padden

conducted a systematic study of the effect of impurities, either

26

16

stereolrregular molecules or molecules
of low molecular weight,
on
crystalline morphology; it was found
that for crystallization from
the
melt, the texture of the spherulite
is related to the
concentration of
impurity.
It h.^ been shown that these
impurities are rejected preferentially by growing crystals and diffuse
to interf ibrillar regions,

where increases in their concentration
have the effect of retarding
further crystallization.

The higher the concentration of
impurity,

the more extensive are the regions of
interf ibrillar melt.

At lower

temperatures of crystallization, spherulites in
the same mixture have
a much finer texture and appear more
compact, indicating more profuse

branching.

This higher incidence of branching facilitates
transport

of crystallizable molecules to growth fronts and
allows spherulites
to develop more compact structures.

Coarseness of texture, which is a measure of the diameters of

crystalline fibers between which impurities become concentrated during
crystallization, is determined by

6

= D/G,

where D is the diffusion co-

efficient in the melt and G is the radial growth rate of the spherulite
The quantitative kinetic studies of polymer-diluent mixtures have

been concerned mainly with the overall rate of development of crystal-

Unity

at temperatures in the vicinity of the melting temperature.

Mandelkern"^*

"^'^

studied the isothermal crystallization rate for systems

of poly (ethylene oxide), poly (decame thy lene adipate) and polyetViylene

with a wide variety of diluents.

For the concentrated and moderately

concentrated solutions (i.e., mixtures containing up to 70 percent
diluent), the

saiae

general behavior is observed as occurs in the
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crystallization of bulk homopolymers

.

For a given composition,

shape and character of the isotherms
change.

the

The crystallization pro-

cess becomes more protracted with
dilution.

For polymer-diluent mixtures, as the
transformation proceeds com-

position of the melt changes.

Hence, there is a concomitant
decrease

in the thermodynamic driving force favoring
crystallization.

Moreover,

the diffusion of polymer segments to the
solid-liquid interface plays
a more important role in the growth process
as the system is diluted.

A retardation in the rate of growth can be expected.
For very dilute solutions, the crystallization
kinetics are very

similar

to

that of homopolymers

.

Devoy, et al.,^^ studied the crys-

tallization kinetics of dilute polyethylene solutions.

It was found

that for the temperatures between 105°C and 110°C, the
experimental

isotherms could be quantitatively described by the Avrami formulation
for the complete transformation.

This result is unique in the realm

of polymer crystallization, since marked deviations from this theory

are usually observed in more concentrated systems.

These results for

dilute solution crystallization are clearly related to the fact that
the system is very dilute in the crystallizing entities, so that the

major molecular assumptions of the theory are satisfied.
for the dilute polymer system,

Furthermore,

the constitution of the residual super-

cooled solution does not change with the extent of the transformation.

Consequently

5

the free energy of fusion at constant temperature does

not change to any significant extent, and the critical free energy
required for nucleation is Invariant with time.

18

Crystallization from dilute boiution
solution -tc
is m,^
the sole experimental
example so far observed in zne
the rpslm
realm nf
of ,.-.1
polymer crystallization where
the Avrami formulation is uDeyea
obeved witn
wi
= constant
^
a
nucleation and growth
i

rate.

A direct microscopic study of crystal
growth from very dilute
solutions of polyethylene^^ and poly
(ethylene oxide) and polystyrene
block copolymer 88 has been reported.
It is found that the growth

rate

at

a

given temperature tends to decrease with
both decreasing molecular

weight and decreasing concentration.
Keith and Padden^^ examined the influence
of impurity upon the

kinetics of crystallization.

They found that the radial growth rate

of spherulites varied with both the content
of the impurity and the

molecular weight of the impurity.

These observations indicate that

transport processes within regions extending some
distance from solidliquid interfaces play a major role in controlling growth
kinetics.

Under most conditions spherulites grow isothermally at constant
radial
rate.

This implies that the concentration of impurities at the growth

front remains constant throughout growth, and that the radial diffusion
of rejected impurities Is outstripped by the more rapid growing fibers,

so that these impurities are trapped in Interf ibrillar regions.

In the

unusual case of a polymer containing impurities of very low molecular
weight, extended radial diffusion of impurities may give rise to para-

bolic growth, i.e., radius a tlme^/^^

place of linear growth as

''7

normally round,

because the radial diffusion rate of the impurities

surpasses the growth rate of the fibers so that the concentration of

Impurities at the surface
e or
of a snhprni^-spherul.te grows larger and
the radial
growth rate falls off
correspondingly.

Boon and Azcue^^ studied the
tne sDhernHh.-.
spnerulitic growth rate of
isotactic
polysty.ene f.o™ the fixtures of
Iso.actic polystyrene and
ben.ophenone.
For these Matures, the
dependence of growth on
temperature Is sl^lar
to that of

the undiluted polymer
poxymer,

a shift of

the crystallization range to
lower teiaperature.

iriH-iHo^ of^ v
The
ihe addition
benzophenone causes

This shift

is due to the shift of glass
transition temperature and
melting point
of the mixture.
It is also found that the maximum
growth rate is a

function of concentration.

A corresponding states equation has been
developed by C-andica and

MagiU 89
als.

to describe the

crystallization kinetics of polymeric
materi-

In this dimensionless relationship,

In (G/G

X

)

= f

(T - T )/(T - T )
g'
m
g

(6)

G is the crystal growth rate; G^ is the maximum
rata of growth; and T,

\

crystallization, glass transition and melting temper-

atures, respectively.

A wide range of polymeric growth rate data can

be described by the above relationship.

Yeh and Lambert 90 conducted the investigation of the spherulitic
growth rate of isotactic polystyrene from isotactic-atactic polystyrene
blends.

Tney found that the growth rates are uniformly depressed with

increasing amounts cf atactic diluent.

In addition, they are dependent

upon the molecular weight of the added atactic polystyrene, generally
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.decreasing 1„ ehe molecular
weight ranges bet>,een
4.800 and 19.800 and
becween 51,000 and 1.800,000.
Between these two ranges
anomalous growth

rates show a s.dden Increase,
which was explained by
an increase in the
entrapment of the noncrystallizable
diluent.
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CHAPTER

II

EXPERIlffiNTAL

A.

Materials

The materials chosen for the
studies were poly-.-caprolactone
and

polyCvinyl chloride), kindly supplied
by Dr.
Carbide Corporation.
is

a linear

Polycaprolactone

,

J.

v.

Koleske of Union

hereafter abbreviated as PCL.

polylactone with the repeating unit

-f-

O-CCH^) -C

4-

It is formed through solution polymerization
of the ring opening

reaction of caprolactone with dibutylzinc as a
catalyst.

designated PCL-700 and supplied as white pellets.

Pa

It was

is generally

Insoluble in aliphatic hydrocarbons, alcohols and
glycols and soluble
in aromatic hydrocarbons and certain chlorinated
solvents.

The melt-

ing point of PCL is about 60 °C, and the glass transition
temperature is

about -60°C.
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PolyCvinyl chloride), hereafter abbreviated

prepared by suspension polymerization."
and supplied as white powder.

as PVC,

is

It was designated QYTQ-387

Both PCL and PVC were used without

further treatment.
The so.lution viscosities of PCL and PVC in tetrahydrofuran, THF,

measured with a Cannon-Ubbelohde dilution viscometer at 25°C, are shown
in Figures

7

and 8, respectively.

It was not necessary to apply any

22

kinetic energy corrections, because
the flow time was longer
than 100
seconds in these measureiaents
The intrinsic viscosities
of PCL and
PVC obtained by extrapolation to
^ero concentration^ ^ are 0.466
d./g
.

and 1.005 d^/g, respectively.

This value of PVC corresponds
to a

weight average molecular weight of
8.64x10^ according to the relation,
[n] = 16.3x10-5

g,,,^ ,y

Hanning.92

information available for the values of
K and a in the Mark-HouwinkSakurada Equation for PCL; therefore, the
molecular weight cannot be
calculated directly from the intrinsic viscosity
measurements.
The molecular weights and the molecular
weight distribution of
the samples were determined with a Waters
Associates gel permeation

chromatograph. GPC Model 200. using THF as a solvent.

The measurements

were carried out at 25°C with a polystyrene calibration.
program used to perform

thiese

The computer

calculations is shown in Appendix I; the

results are summarized in Table

I.

Because of the very low crystallinity and tha imperfection of the
crystallites, commercial PVC usually has a very broad melting range.

from 115° C to 205 °C. 95

Direct determination of the crystallinity of

PVC by Differential Scanning Calorimeter did not succeed in this study

because of thermal degradation of PVC.

It was found^^ that even though

a considerable amount of stabilizer was added to the sample, the ther-

mal degradation still could not be avoided at high temperatures.
In the infrared absorption spectrum of PVC. the absorption band

at 692 cm"^ arises from the C-Cl stretching vibration of the folded

molecular form (maijily isotactic structure) and the absorption band
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TABLE

I

Molecular Weight Determined by GPC

Sample

PCL

PVC

—
w

1,017

'

^

4.

A

3,119

A

n

A /A
w n

570

1.94

1,542

2.02

M

w

M

n

23,600

12 , 200-H-

25,400

13,100*

66,200

32,800++

78,000

38,600**

+

Chain length in Angstroms based on polystyrene standards

+

Molecular weight calculated using a simplified universal
calibration93

*

Molecular weight based on a Q factor of 23, received from
Cellomer Associates for PCL

*

Molecular weight based on a Q factor of 25 for PVC^"^

at 635 an-

arises from the vibration of
the extended form (mainly

syndiotactic structure)."
that at 692
units

m

ae

ratio of the absorbance at
635 cm'^ to

has been used as a measure of
crystalline syndiotactic

PVC."-1°1

ihe Infrared spectrum of the
PVC, measured by a

Perkln Etaer Infrared Spectrophotometer
Model 180. is sho™
9.

m

Figure

The measurement was made on a film
cast from methyl ethyl ketone

solution.
13 1.67.

The ratio of the absorbance at 635
aa-1 to that at 692 cm"!

From this result, the crystallinlty of
the PVC was estimated

to be less than 8 percent.

B.

Sample Preparation

Polyblends can be made from polymeric components by
mixing and

compounding them together on mill rolls, in extruders,
mixers, or

other thermoprocessing equipment. "'•^^

Because such equipments were not

available in this laboratory, films of various mixtures of PCL
and PVC

were prepared as follows:
1.

A mixture of PCL and PVC with a predetermined weight ratio
was dissolved in methyl ethyl ketone to make a solution
of about 1% (W/V).

2.

The solution was stirred on a hot plate at 70°C for one

hour to insure complete dissolving of the polymers.
3.

For different experiments, films of various thicknesses

were prepared by casting on an extremely flat dish which

was specially constructed for this work.
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4.

Ihe evaporation of the solvent
was carried out at room

temperature and under constant
air flow above the surface.
5.

After most of the solvent was
evaporated, the samples were

dried under vacuum at room temperature
until no further
loss in weight was noticed.

C.

This took about 72 hours.

Morphology Studies

Crystalline polymers possess micros tructures
on several dimensional
levels.

These morphological features have been
successfully studied by

methods such as x-ray diffraction, light scattering,
optical microscopy
and electron microscopy.

However, no one of these methods alone is

capable of adequately describing all aspects of the
morphological entities existing within the polymer superstructure.

As a consequence, it

is usually necessary to utilize several methods in
concert to achieve

a fuller understanding of the significance of the experimental
data

obtained by each method.

Information about the crystalline structure in the dimension below
2,000 S may be obtained by x-ray diffraction and electron microscopy,

crystalline aggregates in the range of 1,000 S to 100,000 S from light
scattering, and above 1 ym from optical microscopy.
In this study, optical microscopy, electron microscopy and small
angle light scattering were employed to investigate the morphological

features of polyb lends at different dimensional levels.

These examina-

tions were limi.ted to samples containing less than 50 percent PVC, as

the crystallization rate Is
extremely slow for higher
PVC concentrations

1^

Optical Microsco py

Crystallites are act ordinarily observed
by the light microscope,
but the well-ordered aggregations are
readily detected.

A Zeiss polar-

izing microscope equipped with a binocular
eyepiece and a demountable

Polaroid camera attachment has been utilized

to study the

the crystal aggregations developed in
the polyblends.

were taken with the polaroids crossed, using
Polaroid

The photographs

melted on a hot stage at 100°C for

5

type 57.

fi]jn

small piece of polyblend film with a thickness
of about

wiched between a microscope slide and a cover
glass.

morphology of

1

mil was sand-

The sandwich was

minutes and pressed smoothly, and

was then transferred for examination to a hot
stage device which was

kept at

a

predetermined constant temperature.

The hot stage device, shown in Figure 10, consists
of a covered

hollow circular brass plate 4-1/2" in diameter.

Set into the top

surface of the bottom plate is a circular well 3-1/2" in diameter
and
1/16" deep.

Passing through the center of the well is

1/4" in diameter.

a

viewing port

A 1/16" diameter hole near the viewing port allows

the insertion of a thermocouple.

Water of constant temperature was

circulated through the interior of the bottom plate by means of two
1/4" ports.

asbestos.

A

The entire device was well insulated by covering wich

Temperature control and water circulation were provided

by a Neslab thermostatic bath, Model TE9

,

connected to the hot stage
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by rubber hoses.

A Neslab portable bath
cooler PBC-2. which per.Us
attainment of temperatures down CO
to -2S°r
c, tt^o
was usedj to achieve below
ambient temperature in the thermostatic
bath
Dacn.
Th*.
The f-.
temperature control
was better than ±0.05°C.

^

2.

Electron Microsco
EI
In order to compare the morphology
of samples with different

compositions, a series of polyblends was
investigated.
of pure PCL and pure PVC were also
included.

Examinations

A Phillips EM-75 trans-

mission electron microscope (TEM) and a
Jeolco JSM-U3 scanning electron
microscope (SEM) were used in this investigation.

The SEM studies were

performed with the cooperation of the Jeol
Instruments and Application
Center, Medford, Massachusetts.

Studies were carried out on the free

surfaces and on thin sections of the materials
crystallized from the
melt.

The free surface to be studied was shadowed with
platinum at an

angle of 45° to the surface and coated with carbon normal
to the surface using a Denton Vacuum DV-502 high vacuum evaporator.

The polymers

were then dissolved away from the carbon-platinum replica in THF.

The

replicas were deposited on 200 mesh copper grids and allowed to dry in
air for about 30 minutes prior to examination in the TEM.

For SEM

studies the specimens were prepared by vacuum-coating with gold.

Thin sections with a thickness of 3,000 X were cut on a Sorval]

Porter-Blum MT2-B ultramicrotome using a glass knife.

These sections

were then deposited on 200 mesh copper grids, shadowed with platinum
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at an angle of

1:

45%

and then examined in
the TEM.

Small Angle Li.^ht

S cattering

I^e light scattering technique
used to investigate the
xnicrostructure of heterogeneous solids was
first introduced by Debye
and Bueche^^^
and then generalized by Goldstein
and Michalilc^^A
Experimental applications to crystalline polymers and
extensions of the theory to specific
cases have been made by Stein. ^^S . 106
^^^^^
understand the light

scattering patterns, a brief discussion
of the theory

is necessary.

Ihe scattering of a heterogeneous
solid is dependent upon differ-

ences in the refractive index from place
to place.

It depends on the

mean square deviation of the local refractive
index from the average,
and also on the dimensions of the region
within which the refractive

index is correlated.

Differences in the refractive index may arise

from the differences between

differences in density;

(b)

(a)

crystal and amorphous portions due to

material and voids;

(c)

areas of differing

anisotropy; and (d) anisotropic areas of differing
orientation.

tributions to scattering from (a) and

fluctuations, and from (c) and

(d)

(b)

Con-

are referred to as density

as orientation fluctuations.

In crystalline polymers, density variations in the amorphous

phase and crystalline phase give rise to density fluctuations, whereas

orientation fluctuations arise from the aggregation of the anisotropic
crystallites which have a correlation distance comparable with the

wavelength of the light.
The small angle light scattering theory has been developed by

Stein and Rhodes^^^ and modified
oy Samn^lc
bv
bamuels,

u
based.

on a model of

anisotropic spheres immersed In
either an isotropic or an
anisotropic
medium.
The scattering intensities
can be expressed in terms
of the

polarization directions by the following
equations:

I^^ = Ap2v^2 (3/u3)2

_

+ (c^ - a^) (SIU

X cos^y

(2sinU - UcosU - SiU)

- sinU)

+ (a^

- a^)

[cos

(e/2)/cose]

(AslnU - UcosU - 3SiU)}2

=

-

\)

(7)

(9/2)/cose]

X sinp cosy (AsinU - UcosU - 3SiU) }2

(8)

where I^^ is the intensity of scattered radiation with
vertically polarized and analyzed radiation;

is

1^^

the intensity of scattered radiation

V

with vertically polarized and horizontally analyzed radiation; V
0

the volume of the anisotropic sphere;

and

are the tangential and

radial polarizabilitles of the sphere, respectively;

bility of the surroundings;

9

is

is

the polariza-

and y are the radial and azimuthal scatter-

ing angles, respectively; A is a proportionality constant; SiU is the

sine integral defined by

(9)
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P

Is the geometric polarization
correction term and is defined
as

P

= COS0

(cos^e + sin^e cos2p)-l/2

and U is the sphere shape-factor,
which

(10)

i

U = (AttR/X) sin(e/2)

Qj^)

where R is the radius of the anisotropic
sphere and

X

is the wavelength

of light in the medium.

These equations indicate that the

is

the result of three

V

contributions, which arise from the differences between
the spherulite

polarizabilities and those of the surroundings and the anisotropy
of the
spherulites.

However, the

arises only from the anisotropy of the

1^^

V

spherulites and includes
in the

a

function, siny cosy.

This

terra,

siny cosy,

intensity results in zero scattering intensity at either

y = 0° or y = 90",

and in maximum intensity at

y

= 45"*.

The theoretical equations predict a characteristic four-leaf

clover shaped

pattern and a two-fold symmetric

pattern which is

elongated along the polarizer direction for the spherulite scattering
system, both of which compare favorably with the experimental observations.

107

Picot and Stein

10 8

have calculated the scattering from a sheaf-

like sector of a two-dimensional spherulite as a function of the apex
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angle of the sector.

Figure 11 shows the variation
of the logarithm of

the

intensity along the 45° azi.uthal
direction, where the angle
6.
which is one-half of the aperture of
the fan, varies fro. 90°
(a complete disk) to 1- (close to a rod).
W is the reduced variable
(2.R/X)
sine.

For a complete disk the intensity
is zero at W =

through a maximum at W = 3.9.

When angle

0 and

passes

of the sector decreases,

6

the intensity is progressively built
up at both smaller and greater

scattering angles than that corresponding

to

the first maximum.

For

low values of B, the intensity decrease
becomes more and more smooth
and becomes similar to that of a rod,^°^
with the exception that a

scattering maximum is still seen at an angle close
to that at which
the spherulite scattering maximum occurs.

The predictions of the

theory are in good agreement with the scattering
patterns observed
for polymers in early stages of spherulitic growth.

-""^^

Light scattering from polymers is a useful optical technique
to
study their crystallization from melts.
to this technique.
a

There are several advantages

First, it is capable of yielding information over

wide range of sizes; we can learn about structures that are too

small and have too little contrast to be visible in the light microscope.

Second, the information obtained is statistical; we can meas-

ure average properties for complex structures.

Third,

v/e

can perform

measurements on thicker samples and under more controlled conditions
than would be possible with electron microscopy.

Fourth, we can make

rapid measurements to follov; time-dependent properties.
The changes in the geometry of the crystal superstructure during
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th. crystallisation process
and the development o£ the
light scattering

pattern with crystallisation tl^e
constitute significant contrlbntlons
to

the study.

A photographic light scattering
apparatus developed in this laboratoryllO-112
utilized to characterize the
superstructure of the PCL
crystallized from the blends.
12,

The setup, shown schematically
in Figure

is vertically mounted on an
optical bench.

A helium-neon gas laser,

Spectro Physics Model 130. provides a
parallel monochromatic polarized
light beam with a wavelength of 6328

L

The beam is passed normally

through the sample, then through a rotatable
analyzing polaroid, and

finally impinges upon a photographic film.

Tne position of the photo-

graphic film plate can be easily adjusted along
the optical bench so
that the size of the scattering pattern can be
controlled with the 4"
X 5" photographic plate area by controlling
the distance between the

sample and the photographic film plate.
of about

1

A specimen with a thickness

mil was mounted on a microscope slide with a cover glass.

The sandwich was then placed in the hot stage device
described in the

previous section.

The laser beam was polarized vertically.

As is

customary, scattering patterns obcained with an analyzer oriented with
its polarization direction vertical are called V

horizontally oriented analyzer are called H
the scattering patterns,

v

,

while those for

(see Figure 12).

a

From

the geometry and average size of the crystal

superstructure can be estimated.*''
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D.

Melting Behavior

The melting behavior of PCL/PVC
blends was studied with a Perkln

Elmer Differential Scanning Calorimeter
is used

to

Model DSC-IB.

This device

examine the rate and temperature at
which materials undergo

physical and chemical transition and to
measure the energy changes Involved.
The DSC system measures the differential
energy required to
keep both sample and reference channels
at the

out the analysis.

sauae

temperature through-

The calorimeter had previously been
calibrated for

temperature at a heating rate of 10°C/mln. in
a temperature range from
25°C to 160°C with n-octadecane, p-nitrotoluene,
naphthalene and Indium.

Studies were carried out at the same heating rate
(10°C/min.) as the

standards to minimize the heating rate effect.

E.

Degree of Crys talllnlty

The study of physical and mechanical properties of polymers has

been extensive and has had in mind the correlation of the observed properties with the structure of the material,

the latter being determined

by direct means or inferred from the observed properties.

An Important

factor determining the characteristics of crystalline polymers is the

amount and size cf the crystallites in the material.

A variety of

techniques have been used to measure the amount of crystallites in the

polymers.

In this work,

calorimetry, density and x-ray diffraction

methods were chosen to determine the crys tallinity of PCL in the polyblends.

In all cases, prior to the measurements the samples were
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crystallized from the melts at room
temperature for a sufficient length
of time (over one year) so that
essentially no further substantial
crys-

tallization occurred at this temperature.

A brief introduction to these

techniques is given below.

1.

Heat of Fusion Measurements

The samples were analyzed on a Perkin
Elmer Differential Scanning

Calorimeter, DSC-IB, with a scanning speed of
10°C/min.

When a crystalline polymer is heated through
its melting range, the
rate of heat input, dq/dt, goes through a maximum
and the total heat of

melting is

Q = / (dq/dt) dt

(12)

The area under the fusion curve of the samples was measured with
a

planimeter.

The value of the heat of fusion of the samples was calcu-

lated by comparing the area under the fusion curve with that obtained

from a known weight of indium heated under the same conditions.

A pure

sample of indium with a purity of 99.999 percent, supplied by the

Perkin Elmer Corporation, was used.
is 6.80 cal/g.

The heat of the elemental melting

The degree of crystallinity can be calculated by the

following equation:

X

=

(AH/AH°) X 100

(13)
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where

M

Is the heat of fusion per

gr«

of PCL In the bland; and AH°
Is
u

the heat of fusion of 100 percent
crvstallinp
i-rystaiime vn
-^o /
PCL, 32.4
cal/g, evaluated

m

from the melting point depression
of PCL by ethylben.onate/^

The

amounts of samples used were adjusted
so that the areas under the
fusion
curve were always in the range of 10
in^.

2.

Density Measurements

The density of the samples was measured
at room temperature with a

density gradient column^^^ made by mixing two
KI solutions of different

concentration and calibrated by glass beads of
kncx.n density differing
in steps of 0.0100 g/cm3.

Sample levels were read with

cathetometer

a

To the approximations that at a given
temperature the specific

volume of PVC is constant and independent of the
concentration of FVC
in the blend, and that the specific volumes of PVC,
crystalline PCL
and amorphous PCL, respectively Vp^^, V^^^^ and V^^^,
are additive,

the

specific volume of the partly crystalline polyblends is

^

^c
^sp = koQ^ '^VCL ^PCL

<^ - 10f> ^-^PCL

^PCL

^^PVC

^PVC

^^^^

Here Wp^^ and W^^^ are the weight fractions of PCL and PVC, respectively, and

is

the ratio of the weight of PCL crystallized to that

of total PCL in the blend.

Thus, it follows that
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(w...

X

PCL

=

/
'

dp^^) + (w
"PCL^
^> vr

c

/
/

a)
*ipvc

_

X IOC

a

PCL

where d, d^^^,

d^^^^ and d^^^^ are the

'

(15)

"PCL'

densities of partly crystalline

polyblend. PVC, crystalline PCL and
amorphous PCL, respectively.
use of this equation implies that d^^^,

d^^^^^

The

and d^^^ are constant at

a given temperature and independent
of X
c*

The value of d^^^ measured by density gradient
colunm at room tem-

perature is 1.390 g/an3.

The value of d^^^^ evaluated by
extrapolation

of the value for the molten PCL down to room
temperature is 1.094^^
(see Figure 13).

TaIs assumes that the coefficient of expansion
of the

anorphous phase is independent of temperature, and that
its specific

volume is not affected by the presence of crystals.
c

The value of dp^^^ was calculated from the unit-cell geometry as
de-

termined by x-ray diffraction.

PCL is

orthorhombic.-'--'-^'-^-'-^

It has been found that the unit cell of

The unit-cell dimension of PCL in polyblends

was determined at room temperature by a wide angle x-ray diffraction
technique on a Phillips x-ray unit, with Cu Ka Ni-filtered radiation
(X =

1.5418 %) generated at 35 kV and 20mA.

flat films.

Patterns were recorded on

The patterns were calibrated with an NaCl diffraction pat-

tern with a spacing of 2.820 X.
For an orthorhombic unit cell, the density of crystalline phase
Is
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W
V

uc
uc

n(Mra/N^)
(16)

ab

where W^^ and V^^ are the weight and
volume of the unit cell, respectively; n is the number of monomer
units; Mm is the molecular weight
of the monomer units;

is Avogadro's number; and a, b
and c are the

unit cell dimensions along the a-, b- and
c-axes

PCL the value of n is

3.

,

respectively.

For

A.-""-*-^

X-Ray Diffraction Measurements

An x-ray diffraction scan is a plot of scattered
x-ray intensity
versus scattering angle.

A diffraction scan of a crystalline polymer

shows Bragg crystalline reflections and also one or more
very broad

liquid-like peaks.

This technique has been widely used to determine

the crystallinity of polymers.
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Several methods have been employed

for the determination of crystallinity by x-ray.

Krimn and Tobolsky^^

determined the crystallinity by comparing integrated coherent amorphous
scatterings.

They studied the x-ray diffraction intensity of polyeth-

ylene at various temperatures and assumed the integrated coherent area
under the scattering curve at 120°C to be a standard for amorphous

polyethylene.

Tlie

ratio of the coherent amorphous scattering at a

given temperature to that for the sample at 120°C is the percentage
of amorphous material, from which the degree of crystallinity could

be readily obtained.

That is.

38

A
a melt

^

^

where A^ is the area of amorphous
halo, and (A^)^^^^ ^3
the area of
coherent scattering in the molten
state.

Matthews, Peiser and Richards^^
suggested that the degree of
crystalllnity could be calculated as
the ratio of the diffraction
peak
areas to the total area, including
the amorphous condition.
T^at is

A
=

^-T-rj-^

^

(18)

where A^ and A^ are the areas of the crystalline
peak and the amorphous
halo, respectively, after correcting the
intensity for incoherent scat-

tering and background scattering.

This method was chosen for the

determination of crystalllnity in this study.
The x-ray diffraction profiles were measured at
room temperature
on a GE x-ray unit with Cu Ka radiation generated
at 50 kV and 50 mA.

A pinhole-collimated x-ray beam was used, and the diffracted
x-ray was
detected by a scintillation contour.

A teletype was connected to the

terminal of the digital counter so that the number of counts

matically typed on paper.

v;a3

auto-

Intensities were counted at 0.05° - 0.2"

intervals in Bragg angle 26 in the peak, and at 0.5" - 1' intervals
in the halo.
Tlie

diffracted intensity at a fixed Bragg angle 29 is given by
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a sununatlon of the coherent
scattering fro. the
crystalline and amorphous phases of tl.e sample, the
incoherent scattering from
the sanple,
and the background scattering.
Evaluation for the incoherent
scattering intensity was made using Krirron
and Tobolsky's procedures
where
It was assumed that at large
scattering angles the observed
coherently
scattered radiation is of the same
intensity as would be produced
by an
entirely random asseiri^lage of atoms
scattering independently, with no

interference effects.

n,e summation of the background
and incoherent

scattering intensities was subtracted from
the total diffracted intensity in the calculation of crys tallinity

F.

Dynamic Mechanical Properties Studies

The measurement of the dynamic mechanical
properties of a system
can be quite useful in understanding the
behavior of that system with

respect to other properties which it may possess, e.g.
dielectric or
other bulk properties.

A proper understanding of interpretation of

the dynamic mechanical properties requires a brief
discussion of the

theoretical considerations.

When a linear viscoelastic material is subjected to a sinusoidal
tensile strain, as can be expressed by

e =

where

e

is

sin ut

the strain at time t and w is the angular frequency of

(19)

oscillation, .he stress response
is also sinusoidal
but is out of phase
With the strain, as shown in
Figure Ua. because the
molecular response
to an applied strain is
not an instantaneous
process.
The stress is
generally given by

^ - Oq sin (wt - 4)

Where

^

^20)

is the phase angle by which
the stress lags the strair.

During

the time the strain is applied,
energy is being put into the
system.

As energy is put into the syste.,
a number of internal
phenomena can

occur to dissipate a portion of the
injected energy.

Such changes are.

for Instance, frictional motions of
the chain as orientation occurs
in

response to the induced strain.

Relaxation of orientation or crystal-

lization also results in a loss of energ-y
through kinetic movements
and heat dissipation as a result of
friction between chains.

Internal

cooperative motion involving many monomer
units of a chain occurs only

when the system is near or above its glass
transition temperature.

It

can thus be realized that as this temperature
is approached, the ratio

of the energy dissipated in the system to that
stored will increase.
This ratio is

knmn

as the loss

tangent, tan 5.

The stress can be de-

composed vertically into two components, one in phase with
the strain
and the other 90° out of phase, as shown in Figure 14b.

When these are

divided by the strain, the modulus is separated into in-phase (real)
and out-of-phase (imaginary) components (see Figure 14c).

complex Young's modulus E* can be expressed

as''"'''^

Thus the

E* = (aje^) =

where

+

E'

1 e"

is the maximum stress amplitude,

(21)

is

the maximum strain

amplitude. E' is the storage modulus
(real part) and E" is the
loss
modulus (imaginary part)
The dynamic mechanical properties of
the PCL/PVC blends were meas-

ured with a Rheovibron DDV IVpe II, which
is a direct reading vlscoelastometer made by Toyo Measuring Company.

The Vibron applies a sinusoidal

tensile strain to one end of a sample and
measures the stress response
at the other end.

In order to make samples of uniform thickness,
the cast samples

were placed between metal plates covered with
cellophane film and were
then melted for about 5 minutes and pressed for
about 10 minutes at
85 ''C with a pressure of
10,000 psi in a laboratory press equipped with

electrical heating plates.

The samples then cooled down naturally to

room temperature in the press under pressure.

The samples were cut

from the pressed film with dimensions of about

5

Tlie

cm x 0.3 cm x 10 mil.

specimen was mounted between the clamps in the sample chamber.

The

temperature was first lowered to approximately -160°C using liquid nitrogen.

Dried nitrogen gas was passed through the sample chamber

during the experiment.

The measurements were carried out at intervals

of 3-5 °C at a heating rate of about l°C/min.

measured by a thermocouple placed about

2 mm

The room temperature was

from the center of the

test specimen to provide temperature measurements to ±0.5*0.

The

Lissajous figure produced by superimposing the sinusoidal stress and
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strain was monUored during the
experiments on

a

Braun tube oscillo-

scope.

I„e tension of the sample
was adjusted at each
measurement to
allow for thermal expansion and
contraction, following the
operating

procedures generally
dxxy used.
used
6

"^"^^

Th^
The measurement was
continued until

the sample was too soft to be
tested.

The studies were carried
out

at three different frequencies
of 110, 11 and 3.5 Hz.

The average

tensile strain used in the experiments
was approximately 0.2%.
The absolute value of the complex
modulus was calculated by the

following equation:

= 2.0 X 109 ^ L/(^ X D X S)

|e*|

where

iE*|

is

(22)

the absolute value of the complex modulus,
L is the

length of the sample,

S

is

the cross section of the sample. A is the

constant given in Appendix II, and D is the value of
the dynamic force
dial.

The values of tan

6

were read directly from the instrument.

The dynamic storage modulus E' and the loss modulus E"
were cal-

culated by the following relations:

E'

where

6

is

=

cos6

(23)

E" = |e*| sin5

(24)

!e*|

the phase angle.

The computer program used to perform these calculations is shown
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in Appendix III.

G.

Spherulitic Growth Rate Stud les

The growth rate of spherulites, G =
dR/dt (R

=

radius of spher-

ulite). is calculated by measuring the
size of the spherulites as a

function of time during the isothermal
crystallization process.

Optical

microscopy and light scattering techniques
have been utilized for this
s

tudy

1.

Optical Microscopy

A small piece of polyblend film with a thickness of
about
sandwiched between a microscope slide and
was heated on a hot stage at 100°C for

5

a

cover glass.

1

mil was

The sandx^ich

minutes and then transferred

the hot stage device described in a previous section
(see Figure 10).

During the isothermal crystallization, the size of the spherulites
was

visually measured as a function of time by means of
micrometer.

a filar

eyepiece

The studies were carried out only on samples having PCL

concentrations above 50 percent and at crystallization temperatures

between 20 and 35°C.

The growth rate is too slow to study experimen-

tally either samples with PCL concentrations below 50 percent or when
the crystallization temperature is above 35°C.

At temperatures below

20 °C the spherulites are too numerous to permit exact measurement of

the growth rate by microscopy.

to

Light Scattering Studies^

2,

Since the optical properties of
the material change in accordance

with the density change, time-dependent
light scattering patterns are
expected.
From this the growth rate can be
determined.
l-he

measured.

light scattering patterns enable
spherulite size to be

A measurement of the scattering angle,
9^, where a maximum

in intensity along the 45° azimuthal angle
occurs, allows an average

spherulite radius R to be determined by the
following equation:

(AttR/A)

where

X

is

^'"^^

sin(e^/2) = A.l

(25)

the wavelength of light in the scattering medium;

9

m

is

the

angle between the scattering ray of maximum intensity
and the incident
ray.

From such data as a function of time, values of the spherulite

growth rate can be calculated.
The photographic light scattering apparatus and procedure used

have been illustrated previously.

The studies were carried out only

on the blend of 65/35 at four different temperatures
35°C)

to compare

(20, 25,

30 and

the results with those obtained by microscopy studies.

H.

Overall Rates of Crystallization

A density gradient column made by mixing two KI solutions of different densities was constructed to measure the density of the sample
as a function of time during the isothermal crystallization process.
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The density column was so
constructed for each sample that
the density
range of the column was a little
wider than that of the changing
density
of the sample.
T^e samples were cut from the
films with dimensions of
about 3 mm X 3 mm X 1 mm. Prior to
the initiation of the crystallization process,

the samples were heated at
100°C for

5

minutes;

they were

then quickly transferred to the density
column at a predetermined

temperature.

Approximately

reach equilibrium position.

2

minutes were required for the samples
to
The column was kept at constant
temperature

by circulating constant temperature water
in the jacket of the column.
As indicated previously,

floats.

the column was calibrated with glass density

A series of experiments was carried out, varying
composition

of the sample between 70/30 and 50/50 and varying
crystallization tem-

perature between
1

5

and 25°C, for periods of time varying from

week depending on the crystallization rate.

2

days to

Unfortunately, the crys-

tallization kinetics cannot be determined by this method for the samples

with higher concentrations of PCL, because density changes in these
samples take place too rapidly.
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CHAPTER Til
RESULTS AND DISCUSSION

A.

1.

Morphology

Optical Microscopy

When a thin film of the PCL melt
crystallized at room temperature
was examined under the light microscope
with crossed polaroids, bire-

fringent spherulitic structures were observed,
although they had been
truncated by Impingement.

The birefringent patterns displayed
a Maltese

cross whose arms were parallel to the
directions of the polarizer and

analyzer.

When thin

filnis of

the polyblend melts, having concentrations

of PCL higher than 50 percent and crystallized
at room temperature, were

viewed between crossed polaroids, circular birefringent
regions also
truncated by impingement were observed.

However, these regions were

slightly larger in size than those formed in the pure
PCL.

In addition,

In the spherulites formed in these blends concentric bands
were superim-

posed on the Maltese cross.

Figure 15 shows a comparison among spheru-

lites crystallized from melts of different composition.

These results

indicate that the crystalline materials in the pure PCL and the blends

exist In a spherulitic superstructure.

In pure PCL,

the spherulite con-

sists of a fibrillar structure of lamellae radiating from the spherulite

center and twisting irregularly, 41 whereas in the polyb lends the lamellae twist regularly, forming a helical type structure.

~

Further

evidence for this morphology will be presented in the next section,
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which is concerned with electron
microscopy.

Quantitative Investigation

of the ring spaclng-co^posltlon
relationship was not performed In
this
s tudy.

In Figure 15. it is seen that
down to 65 percent PCL the
sample
is almost completely filled with
spherulites

,

and that the number of

spherulltes decreases slightly with
decreasing concentrations of PCL.
The sizes of the spherulites for
pure PCL are in the neighborhood
of
40 Um in diameter, which increases slightly with
decreasing PCL content.

However, for the blend with 50 percent
PVC the boundaries of the spherulites become diffuse, and darker regions
may be seen at the boundaries
of the spherulites.

These darker regions denote higher
concentrations

of uncrystallized melt.

Furthermore, from these figures it can be seen

that the texture of the spherulites at the
same crystallization temper-

ature (room temperature) becomes increasinly open
and coarse with

Increasing amounts of PVC.

(Briefly speaking, a spherulite is said to

have an open texture when its overall crys tallinity
is relatively small
and a coarse texture when its constituent fibers are of
relatively large

cross section. ^^°)

Keith and Padden"""^^ have shown that the openness of

the texture is related to the concentration of noncrystallizable impur-

ities present.

Thus, these observations Indicate that the PVC molecules

are rejected into interf ibrillar regions in much the same way as the

atactic polypropylene diluent in a blend of isotactic polypropylene and

atactic polypropylene.

Further support for the openness is provided by

the crystallinity measurements presented in a later section.
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2>

Electron Microscopy

As described previously,
electron microscopy was
used to study
the morphology of the polyblends
which had been completely
crystallised

at room temperature.

Both the TEM and the SEM
were used in this study.

All samples were shadowed with
platinum or gold to enhance the
contrast.
Figure 16a is a transmission electron
micrograph of the carbon-

platinum replica of the free surface of
pure PCL.

It is quite evident

that the surface of the PCL is completely
covered with the edges of

lamellae, all highly oriented.

The lamellae appear to be twisted
into

bundles, resulting in hills and valleys
on the surface.
twisting of the lamellae is Irregular.
of 100 X thick.

However, the

The lamellae are on the order

Thus it is obvious that PCL spherulites
are composed

of lamellae twisting irregularly.

This observation is consistent with

the optical microscopy studies, which show no
concentric bands in the

spherulltic birefringent patterns.
Figures 16b and 16c are transmission electron micrographs
of thin

sections of 75/25 and 50/50 composition, respectively.

These micro-

graphs show similar but less well-defined lamellar structures.

It ap-

pears, from these results, that with the addition of PVC the crystalline

materials still exist in a similar structure of spherulites composed of
lamellae.

Although there is substantial evidence of ring structure in

the optical micrographs of these samples,

the twisting of the lamellae

is not very clear in the electron micrographs, possibly because either

the uncrystallized melt exists in the interlaraellar regions or the
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magnification is too large to
permit observation of the
twisting.
long period spacing appears
to have a

The

tendency to increase with
increas-

ing PVC content.

THis result is consistent
with the result obtained by

Khanbatta,"! who conducted low angle
x-ray diffraction studies
on the
same system.

The Increase of long period
spacing .ay arise fro» the

thickening of interlamellae layers
as more PVC is introduced.

Figure 16d is the micrograph of the
surface replica of PVC.

As

expected, there is no evidence of familiar
crystalline structure in
this sample.

In addition to transmission electron
microscopy, the polyblends

were also examined by scanning electron
microscope equipped with an
x-ray spectrometer for elementary analysis.

Studies were carried out

on the free surfaces of the materials crystallized
from the melt.

The

specimens were vacuum-coated with gold.

A typical result is shown in Figure 17, which is the
scanning electron micrograph of the free surface of 75/25.

A circular superstructure

with ribbons radiating from the center was observed.

The spherulite is

about 50 ym in diameter, which is in accordance with the optical
micro-

scopy observations.

The elementary analysis made with an x-ray spec-

trometer shows a uniform distribution of CI atoms in the blend.

There

Is no evidence of high concentration of PVC bet^Nreen the boundaries of

the spherulites.

In view of these observations, it is quite obvious

that the PVC molecules were trapped within the spherulites.

Attempts have been made to study the crystalline morphology by

etching techniques.

These attempts were not successful.

Etching
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techniques are very difficult on
this system.

possible
for PCL.

to

For instance, it is not

find a solvent for PVC which
is completely a non-solvent

Even though it is possible to
find

is a non-solvent for PVC.

a

solvent for PCL which

this results in a distortion
of the morphol-

ogy of PVC owing to the lack of
rigidity.

3.

Small Angle Light Scattering

As already mentioned,

the small angle

and V^ patterns of the

polyblends were studied using the photographic
apparatus.

A typical

example is given in Figure 18. which shows the
light scattering patterns

during the crystallization of 65/35 at 25°C:
patterns at 13 min.

,

17 min.

and 22 mln.

,

(a),

(b)

and

(c)

are H

V

respectively; and (d) and (e)

are V^ patterns at 30 min. and 24 hr., respectively.

The

scattering

patterns are much less intense than the V^ scattering
patterns.

Expo-

sure times were chosen so that at a given time the pattern
was just

visible at the exposures used.
In Figure 18a the

pattern has four-fold symmetry and a maximum

of intensity at its center;

the intensity decreases monotonically with

Increasing scattering angle.

This is characteristic of a morphology

of rod-like aggregates with dimensions comparable to the wavelength of

light and located at random in the specimen.
the

'

'

In Figure 18b

pattern also has four-fold symmetry, but its intensity maximum

occurs at a scattering angle larger than zero.
of a morphology with sheaf -like textures.

clover shaped

pattern was obtained.

108

This is characteristic
In Figure 18c a four-leaf

This pattern is characteristic
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of a spherulitic structure,
and the radius of the
spherulites can be
calculated by E,. (25).
In Figure 18d the
scattering has an al.ost
radially symmetric pattern, which
indicates that in this stage
the sample is not completely filled with
spherulites and that most of
the

scattering is attributable
In Eq. (7)].
new

to

the density fluctuations

[first two

teL

After the sample is completely
filled with spherulites, a

pattern develops (see Figure 18e)
which is extended in the polar-

ization direction,

^s

indicates that in this stage the
anisotropic

fluctuation [last term in Eq.
sity fluctuations.

(7)]

is as large or larger than the
den-

This situation results because the
degree of crys-

tallinity of the spherulites increases and
(a^ - a^) correspondingly

Increases, while on the other hand, the density
fluctuations decrease
as the spherulites become volume filling.

In view of the above results it seems reasonable
to believe that
In the early stages of crystallization, crystallites
in the blends exist
as rod-like superstructures, gradually developing
into sheaf-like arrays

whose sector angle increases with time, and later developing into
spherulites

.

It has been well known that crystal aggregation in the form of

sheafs occurs before full spherulites develop.

Bryant, et

al.,-'"^'^

have

discussed the early stages of spherulitic morphology and have shown a
sequence of rod- to-spherulite morphology represented by the following
sketch:

Melting Behavior
The melting of crystalline
polymers has been demonstrated
to be a

first-order phase transition.

1«

However, for a variety of
morpholog-

ical reasons, broad fusion curves
and depressed melting
temperatures are
'-"-^^
characteristically observed.
In an attempt to study the
melting behavior of PCL in the
blends,

differential scanning calorimetry
measurements have been made on a
series
of polyblend samples containing
various percentages of PVC.
The melting
thermograms are shown in Figure 19.
The sample amounts used increase

with increasing content of PVC. in order
to obtain comparable melting
peak sizes and thereby minimize the
experimental error effect.

For pure

PCL the melting curve shows a fairly
narrow peak and a low-temperature
tail extending down to about 323 °K.
to AO percent,

For the samples containing PCL down

the curves are superficially similar
to the thermogram of

PCL, but are somewhat broader.

For higher concentrations of PVC, the

peaks move toward lower temperatures.

This may indicate that increasing

PVC lowers the crystalline order and crystallite
size.

It is also found

that the low- temperature tail enlarges in comparison
to the rest of the

endotherm.
larger.

For 75/25, the low- temperature shoulder becomes considerably

A number of different heating rates, ranging from 1.25°C/min.

to 5'*C/min., have been carried out on these samples.

Tlie

show similar melting curves for different heating rates.

results
Thus it is

believed that the higher- temperature melting peaks are not the results
of recrystallization of low- temperature melting species, because the
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crystallization of PCL In the very
viscous .atrix of the blends Is
very
slow.
(The evidence on the crystallization
rate will be presented In
more detail In the section associated
with crystallization kinetics
studies.) Moreover. It was found by
x-ray study that only one crystalline form of PCL exists In the blends.

The results of the x-ray studies

will be presented later.
The areas under the two peaks plotted
as a function of concentration are shown in Figure 20. where the
peak area is based on the weight
of PCL present in the blend and w^ is
the weight fraction of PCL in the

blend.

l-he

separation of the two peaks was based on the
assumption that

the high-temperature melting peaks have shapes
similar to that of the

pure PVC.

As

can be seen, the peak area of the high- temperature
melting

peak decreases linearly as the concentration of PCL
decreases, whereas
the low- temperature melting peak first increases as the
content of PCL
Is decreased.

Both of the peak areas decrease to zero as the weight

fraction of PCL reaches 0.3.
concentrations of PCL.

The total area decreases with decreasing

In Figure 21 the melting peak temperatures are

plotted as a function of concentration, where
of PVC.

is the volume fraction

This shows that low- temperature melting occurs at 54°C and re-

mains almost fixed in position, whereas high- temperature melting is
lower with higher concentrations of PVC.

In view of the above results,

it is reasonable to suggest that the two peaks are due to the melting

of two species with different degrees of perfection, similar to the

crystallization of a binary system with a eutectic temperature.
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The effect of diluent o.
the belting point of
polymers has been
extensively studied both thecretl.ally"6
and experl™entally.l"-130

The equilibrium melting
temperature for a polymer-diluent
system Is
expressed by

Tm

Tmo

~ ^1

aH^o

^1^)

where Tm° is the melting point of the
pure polymer;

(26)

is

the heat of

fusion per mole of repeating unit of
the fully crystalline polymer;
V

u

and Vi are the molar volumes of
the repeating unit and the diluent,

respectively; v^ is the volume fraction of
the diluent; and

Flory-Huggins interaction parameter ^^1

is

the

.

AH^° is an inherent and char-

acteristic property of the chain repeating unit
of a crystalline polymer.

It should not be confused with the heat of
fusion obtained from

caloriraetric measurements.

The latter quantity must depend on the

amount of crys tallinity present in the system and is less
than AH

°

u

except for the hypothetical completely crystalline polymer,
where the
two quantities would be identical.

According to Eq.

(26),

the depression of the melting temperature

depends on the volume fraction of the diluent in the mixture and on
its thermodynamic interaction with the polymer.

Other quantities being

equal, a larger depression of the melting temperature should be observed

with a good solvent (i.e., smaller values of xj) than with a poor one.
The size of the diluent molecule also affects the melting temperature.
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the depression being predicted
to be greater tor
for diluents of
smaller

molar volume.
In the system under consideration,
the melting point
depression

observed is appreciably smaller
than that obtained in
most polymer-mono
meric diluent systems.
If Eq. (26) also holds
for polymer-polymeric
diluent systems, the Flory-Huggins
interaction parameter of the
PCL-PVC
pair and the effective diluent size
can be determined as follows:
the

reciprocal melting point taken from the
high melting peak in DSC thermograms plotted against the quantity (vj v,^) should be a straight
line.

This plot was made with different
values of

Figure 22.

From this figure xj = 0.03 gives the
best agreement with

the theory.
Is equal

Vu =

According to Eq.

to (R/AH^)

and

^J^2

(V^/Vi)

= Mi/Di,

,

where

and is shown in

R

.

(26).

the slope of the line in this plot

which is 1.497 x 10-\

Eq.

(27)

By substituting

is obtained.

°1

and Mu are the molecular weight of the repeating unit of
the

diluent and of PCL. respectively; and

and D2 are the densities of

the diluent and of PCL, respectively.

The value of hR^° is taken to

be 3.69 Kcal/mole. which was measured by the melting point depression
of PCL by ethylbenzoate.^^

AH^° in Eq
is 62.5.

.

Substitution of the values of D^. D2 and

(27) yields Mi = 525.

The monomer molecular weight of PVC

Thus, ic is thought that in this polyblend system about 8-9

PVC

.once, units

act as a single diluent
unit to depress the „eltln,
ten^erature of PCL. Of course,
these nu^ers of
and
ate only
rou^ values, because It Is difficult
to determine the true
melting

point experimentally.
Recently Sanchezl32 ,,3 .^^^.^^^^
^ statistical
ther.odyna.ical
theory of the melting point
depression for a two-con^onent
polymer
blend where only one of the components
is able to crystallize.

The

melting point equation was derived as
a function of crystal
thickness
and composition.

Ihe lamellae thickness of the
blend as a function

of composition is currently under
investigation in this laboratory

by Kharabatta.
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C.

1«

Degree of Crystallinity

Heat of Fusion Measurements

Ihe enthalpies of fusion for the polyblends of
different composition are summarized in Table II.

It is evident that despite the very

same condition of crystallization a wide range in
values, which depend
on composition, is observed for this thermodynamic
quantity.

value of 32.4 cal/g for AH^°,
calculated by Eq.

(13)

Using a

the corresponding crys tallinities were

and are given in the fourth column in Table

II.

It is apparent that there is a systematic change in cr>stallinity with

concentration.

The results show that the crystallinity of pure PCL is

69 ± 4%, which is somewhat higher than the value reported by Crescenzi,

et al.

73

The crystallinity decreases monotouically as the concentration
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TABLE II

Enthalpy of Fusion Measured by
DSC

100/0

22.35

22.35

69.0

85/15

17.72

20.80

64.

75/25

15.03

20.05

61,8

65/35

12.11

18.62

57.4

50/50

8.38

16.75

51.

AO/60

4.09

10.21

31.9

30/70

-0

-0

of PCL decreases down to 50
npr^-on^
:)U percent.

sharply with further reduction of
PCL.

u
However,

this quantity decreases

The blend containing .ore
than

70 percent PVC exhibits no tendency for
PCL to crystalline;

attributed to the small difference
between T
region.

and T

in
m

this .ay be

^v,-.
this
composition

The T^-composition relationship
will be presented later.

For

this reason PCL cannot be used
as the sole plasticizer
for PVC at levels

more than 30 percent.
As Indicated previously,

the melting curve becomes broader
and

smaller (because the amount of samples
used increases with increasing
PVC content) and moves toward lower
temperatures as the content of PVC
increases.

l^hese

results must be a consequence of the
decrease of

crystallite size and the amount of the crystalline
phase in the blends.
This may be due to the restrictions imposed
by the very viscous PVC,

which reduces the diffusion of the PCL sequences.

Hence, their re-

arrangement as required for crystallization is severely
impeded.
2.

Dens i ty Measure me n ts

The densities of the polyblends containing varying percentages
of

PVC, after being crystallized at room temperature for a
sufficient

length of time, are reported in Table III.
The density of the completely crystalline PCL was calculated from
the unit cell dimensions, which were determined by the x-ray diffraction

technique.

The wide-angle x-ray diffraction pattern for the pure PCL is

shown in Figure 23a.
al.,

116

All the Bragg spacings utilized by Bittiger, et

in the determination of the orthorhombic structure are observed.
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TABLE III

Densities and Degrees of Crys
tallinity

Measured by Density Gradient Column

S^niple

100/0

Density of Polyblend.D

Crystallinity ,X

1-1525

64.8

1.1718

64.0

75/25

1.2016

61.8

65/35

1.2234

61.3

50/50

1.2540

53.9

40/60

1.2740

42.0

30/70

1.2923

19.7

90/10
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Figures 23b and 23c are the x-ray
diffraction patterns for 75/25 and
50/50. respectively.
It is seen that as the
PVC content increases the
reflections progressively broaden,
and the usual well-developed
halo
appears.
As shown in Figure 23, the weak
diffraction rin.s appearing

m

the pure PCL diffraction pattern
become invisible for the blends

containing .ore than 25 percent PVC.

However,

the Bragg spacings are

almost fixed with changing composition;
this result indicates that the
unit cell dimensions remain unchanged
with increasing concentrations
of PVC.

Using the calibration of the NaCl
diffraction pattern, it was

found that the unit cell of PCL has
dimensions of a = 7.457±.012 1,
b = 4.955±.003 %, and c = 17.274±.021
R. which are in good agreement

with the values reported by Bittiger, et al.^^^

There is a close sim-

ilarity betv/een the crystalline structure of PCL
and that of polyethylene.

The a and b dimensions of the unit cells are
nearly identical:

Polyethylene

a = 7.40

R

b = 4.93

%

c =

PCL

a = 7.457

X

b = 4.955 I

c =

2.53

X

17.274 I

By substituting these values of the PCL unit cell dimensions in
Eq.

(16),

a

value of 1.187 g/cm'^ for the density of PCL was obtained.

Degrees of crys tallini ty of the PCL in the blends were calculated from
the densities by Eq.

in Table III.

(15).

Tlie

results are given in the third column

A comparison of the degrees of crystallinity calculated

from heat of fusion measurements and from density measurements is shown
in Figure 24.

Ic is apparent that for the blends containing PVC down

to the 50 percent level,

the results obtained by both techniques are

in good agreement.

However, for the blends
with .ore than 50 percent

PVC. the degrees of crys
tallinlty obtained by the
two techniques depart
from each other. The values
obtained by density measurement
are higher
than those calculated by heat of
fusion measurement. The
density change
of PVC with concentration and
the non-additive nature
of the specific
volumes of PCL and PVC are suggested
as being responsible for
this

discrepancy.

It is believed that the results
obtained by the thermal

analysis are more accurate than those
obtained by density measurement.
The apparent discrepancy reported here
for high concentration levels
of PVC needs further investigation.

3.

X-Ray Diffraction Measure men ts

The x-ray diffraction scans of polyblends with
weight fractions of

PCL ranging from pure PCL to pure PVC as a function
of Bragg angle (26)
at room temperature are shown in Figures 25 through
28.

PCL,

For the pure

U^o sharp crystalline reflection peaks and several small
peaks,

along with a very broad halo in the region of
are observed.

26

between 12' and 32°,

The strong diffraction peaks are located at the diffrac-

tion angle, 26, of 21.4° and 23.7°.

Those diffraction peaks have been

indexed to (110) and (200), respectively.

As the content of PVC in-

creases, the crystalline reflection peaks become shorter and broader.

However, the positions of the peak maxima are almost independent of the
composition, which Is in accord with the results of photographic x-ray

diffraction studies.
The broken lines in the patterns indicate the separation of the
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total scattering Into components
„
F nencs due tn
to the amorphous
and the crystalline regions.
Ihe lower solid line
each curve is the .u.natlon
of

m

incoherent scattering and background
scattering, drawn In as previously
explained. T^e separation of the
crystalline peak and amorphous
halo
was based on the assumption
that the diffraction curves
of the amorphous
component and those of each of
the
Lne crvstalUno
crystalline r.^
peaks were symmetrical
i

m

the immediate vicinity of the
maximum.

X^. determined by Eq.

'IT.e

degrees of crystallini
ty

(18) are also sha.n in Figure 24.

It is observed

that the degree of crystallinity of
these samples decreases monotonically with increasing concentrations
of PVC.

However, the values obtained

by this method are somewhat lower than
those obtained by both the DSC

and density measurements.

This is understandable, because
crystalline

regions of low order do not contribute fully

to

the x-ray diffraction;

therefore the values from the x-ray diffraction
measurement may be lower
under conditions where crystals become imperfect
when the concentration
of PVC increases.

The crystallinity of PVC was also calculated from
the x-ray dif-

fraction pattern.

The procedure of separation of the total scattering

Into components due to the amorphous and crystalline regions
was based

on the method described by Lebedev and co-workers
of PVC obtained was less than

7

"'^^
.

T?ie

crystallinity

percent.

On the basis of the above results, it is concluded that the crys-

tallization of a polyblend differs strikingly from the crystallization
of a horaopolymer.

High degrees of crystallinity may be attained in the

latter at comparatively low supercooling.

In the crystallization of

polyblends. o„ the other hand, only
a

s.aU fraction

of the

crystalU.-

able sequences is eligible to be
crystallized, because the
possibility
of having Cham entanglements
increases when the
hlgh-molecular-„elght
PVC concentration is increased.
The wide-angle x-ray diffraction
patterns obtained from most

crystalline polymer systems consist of
diffraction maxima that are quite
broad
comparison with those obtained from more
perfectly crystalline

m

materials.

It has been repeatedly demonstrated
that either small crys-

tallite size or distortions of the
crystallographic lattice (or both)
leads to a broadening of the diffraction
prof iles ^^^"^^^
.

In Figures

25 through 27 it can be seen that crystalline diffraction
peaks become

broader as PVC is introduced.

It is therefore desirable to investigate

the effect of PVC concentration on the PCL
crystallite size.

In order to correct for line broadening due to
instrumental con-

ditions alone, it is customary to record the x-ray diffraction
pattern

from a sample for which it is assumed that no line broadening
occurs
other than that due to the instrument.

The ideal instrument standard

in this case is composed of large (-1 ym)

,

perfect crystals that absorb

the x-ray beam to approximately the same extent as the polymer sample.

In this study, hexame thy Itetr amine

,

(CH2)^N^, was used for this purpose.

However, when the line widths of the standard and samples being tested
are not very different, large errors are introduced into the calculation

of crystallite sizes by these methods.

Such a situation arises in this

work.

The mean crystallite size can be determined with the well-known
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""-^^

Scherrer Equation"^-^

'

L

''^^^^

hkl

cose

6

(28)

dimension of the crystallites
perpendicular to

\kl

the planes (hkl),

-

6

is the corrected breadth at
half-maximum of the

reflecting planes (hkl) in radians,

9

is

the Bragg angle, and k is the

Scherrer constant that is commonly assigned

a

value of unity.

Assuming

that the observed, corrected and
instrumental profiles are Gaussian,

8

can be determined by the following equation:

6

=

/

B-^

- b^

(29)

where B is the observed broadening and b is the
instrumental broadening
The crystallite size calculated by Eqs.

rized in Table IV.

(28) and

(29)

are summa-

It is obvious that the higher the concentration of

PVC the smaller the crystallite size.

The crystallite sizes calculated

by this method are, in general, smaller than would be expected from

electron micrographs.

Because the contribution of distortion of the

crystallographic lattice to the broadening of the diffraction profiles
was neglected in this calculation, the results obtained represent the

minimum values of the crystallite size.
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TABLE IV

Crystallite Sizes as a Function of
Composition

Composition
L

100/0

75/25

50/50

.

200

S
^

280±42 X

lAl+18 1

160±18 X

120±

9

1

94± 8 S

87±

7

I
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D«

.

Dynamic Mechanical Properties

The temperature dependence of the
dynamic storage modulus

dynamic loss modulus E"

,

E^

the

and the loss tangent tan6 for the
blends with

various compositions, measured at three different
frequencies, are
shown in Figures 29 through 37.
In the temperature dispersion curves of tan6
31),

tv70

(Figures 29 through

peaks are observed for each sample in the temperature
range

investigated.

For pure PVC a very broad relaxation occurs in the tem-

perature region between -40°C and 0°C, with a maximum of tan6 =
0.024
at around -20*^0.

PVC.

139

This relaxation corresponds to the B-transition of

In this temperature region

decreases slightly with tempera-

ture increase whereas E" shows a very broad peak.

The high modulus and

small loss tangent indicate that the chain backbone is in the frozen
state, but motion of the side groups and end groups, where only low

activation energy is required, may occur.

The high- temperature loss

tangent peak is very sharp and is located at around 80 ''C with
of 0.82.

In this

value

a

temperature region E* decreases sharply from

2

x 10^*^

dynes/cm^ to about 1.0 x 10® dynes/cm-^, and E" displays a large absorption peak.

This peak has been designated the a-transition

139

where the

movement of the polymer chain segments in the amorphous phase and the

motion of the branches that require relatively high energy occur.
is regarded as

This

the glass transition.

For pure PCL, the low- temperature loss tangent peak is observed at
about "130 °C with a magnitude of 0.017.

In this temperature region, E'

decreases slightly and E" shows an absorption
peak.

This

transition

corresponds to the low- temperature relaxation of
methylene sequence.
The high-temperature peak occurs at around
-AO^C with a tan6 of 0.065.
In this region,
1 X

decreases appreciably, from

2

x 10^0 dynes/cm^- to

10^0 dynes/cm2, although the decrease
is not as marked as that for

the PVC in the a-transition region.

This is due to the existence of

crystallites, which act as multifunctional crosslinks.

broad peak.
of PCL.

23

E" displays a

This relaxation is associated with the glass transition

Above

60*^0,

E" decrease markedly.

tanS increases even more rapidly, while E' and

This region corresponds to the melting of the

crystallites.
For the polyblends, the existence of two transitions is also

apparent.
i.e.

An interesting feature of the high- temperature relaxation,

the glass transition, is that it appears to shift to higher tem-

perature with increasing PVC content.

Furthermore, the intensity of

the absorption also increases as the concentration of PVC increases.

However, no systematic change in the low- temperature relaxation with

composition is observed.
The T^ values talcen from the dynamic loss modulus for the blends
are summarized in Table V along with the results obtained by Kcleske.

23

This comparison reveals a discrepancy between the values obtained in
this work and those of the quenched samples measured by Koleske.

It

is believed that the differences are due to differences in crystallin-

ity.

One might expect that not only would the crystallization of PCL

increase the concentration of PVC in the amorphous phase, but also the

TABLE V

Glass Transition Temperature of Polyblendi

Sample

Glass Transition Temperature (°C)
This Work

Ref(23)

100/0

-52

-71

90/10

-A4

-63

75/25

-16

-48

50/50

9

-20
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restrictions on motion that the crystalline
regions place on the amorphous regions would effectively increase
the energy requirements for
the transition,

thereby raising the glass transition
temperature.

In view of the above results, it is
obvious that the blends of PCL
and PVC display only a single glass transition
intermediate between the

glass transition temperatures of the respective
components.
It is also seen that the dynamic storage
modulus, the dynamic loss

modulus, and the loss tangent shift to higher values
with increasing
frequency, as predicted by the time- temperature superposition
principle
The transition temperature increases with increasing frequency.
The activation energy associated with the loss mechanism
can be

expressed by the familiar Arrhenius expression

f

where

f

is

-AE_/RT
„
a'
= C
e

the frequency in Hz, C is a constant, AE

(3Q)

a

is

the activation

energy associated with the loss mechanism, R is the gas constant 1.987
cal mole"-^ deg~^, and T is the temperature where the loss is maximum,
at the particular frequency.

Taking the logarithm of Ec.

(30) yields

AE

In f = In C -

Thus,

^

(31)
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a

^

d(l/T)

(32)

The plots of the logarithm of frequencies
against reciprocals of
the glass transition temperatures are
shown in Figure 38.

The slope of

these lines is d(ln f)/d(l/T); by substituting
these values in Eq.

(32)

the activation energies were calculated,
and they are reported in Table
VI.

For the glass transition, the apparent activation
energy obtained
for PCL is 38±5 kcal/mole, and that of PVC is
109±9 kcal/mole.

For the

blends, the apparent activation energy shows a tendency
to increase

with increasing PVC content.

E.

1.

Spherulitic Growth Studies

Microscopic Studies

Isothermal spherulitic growth rates were measured with an optical

microscope for blends of various compositions.

The plots of crystal-

lization time at different crystallization temperatures are shown in
Figures 39 through 43.

Each point in these figures is the mean of

at least ten spherulites at the given temperature.
lines was obtained for each sample.

squares best fit to the data.
the size of the spherulite.

A set of straight

The lines represented the least

The growth rate G is independent of

From the slopes of these lines the growth

rate G = dR/dt (with R denoting the radius) can be determined.

7

TABLE VI

Activation Energy at Glass Transition
from E"

^^"^P^^

AE ,kcal/niole
Si

100/0

38±5

90/10

39+4

75/25

41+2

50/50

53+3

0/100

109±9

No decrease of the growth rate with
time was observed regardless
of the concentration of PVC.

This implies that the concentration
of

diluent at the tips of radial fibers remains
constant throughout growth.
In this case, the radial diffusion of the
rejected noncrystallizable

material Is outstripped by the more rapidly growing
fibers so that these
materials are trapped between the growing fibrils.,
This statement has
been confirmed by the elementary analysis and x-ray
analysis indicated
previously.

If, on the other hand,

the noncrys tallizable material is

rejected by the spherulites as entities, a decrease in the
growth rate

during crystallization, caused by an increase of the
concentration of

diluent at the growth front, 26 should be observed.

Also, the high

concentration of diluent which should exist between spherulites was

not observed In this system.
The values of the growth rate as a function of composition and

crystallization temperature are given In Table VII.

Dilution with PVC

causes a depression of the spherulltlc grov/th rate.

As can be seen In

Figure 44, the dependence of the growth rate on temperature for the

blends Is very similar to that for horaopolymers

.

However, with an

increase in PVC content the growth rate is depressed, and there is

a

tendency for the growth rate maximum to shift to higher temperatures.
This shift may be attributed to the change in the glass transition

temperature and the melting point of the blends.

2.

Light Scattering Studies

As previously described,

the spherulltlc growth rates were also
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TABLE VII

Spherulltlc Growth Rate as a
Function of
Composition and Crystallization
Temperature

Composition
PCL/PVC

100/0

75/25

T

"C

25
30
35

20
25
30

G,ym/min.

(4.18±.29) X 10
(3. 20+. 21) X 10
(2.29±.23) X 10

35

3.00±.10
2.37±.06
1.75±.07
1.17±.03

70/30

20
25
30
35

1.42±.04
1.30±.09
(7.90±.22) X 10-1
(5.10±.15) X 10-1

65/35

20
25
30
35

(5.05±.15)
(4.4&±.21)
(3.25±.17)
(2.02+.08)

X
X
X
X

10-1
10-1
10-1
10-1

60/40

20
25
30
35

(1.65±.02)
(1.32±.05)
(1.06±.04)
(7.30±.21)

X
X
X
X

10-1
10"1
10-1
10-2

50/50

20
25
30
35

(1.30±.14)
(1.45±.09)
(1.20+.10)
(8.50±.42)

X 10-2
X 10-2

X 10-2
X 10-3

7A

determined by the small angle light scattering
technique.

8hown in Figure 45, which shows the

An example is

scattering patterns as a function

of time during isothermal crystallization.

The size of the

decreases with increasing crystallization time.

patterns

This is a result of an

increase in the size of the scattering entity,
as would be expected to

occur in a crystallization system.

From the position of the scattering

Intensity maximum along the A5° azimuthal angle, the
spherulite sizes

were calculated using Eq

.

(25).

The results are shown in Figure 46.

A linear relationship between the spherulite size and crystallization
time is also observed for each crystallization temperature.

slopes of these lines the growth rate G can be calculated.

From the
Tne results

for 65/35 are given in Table VIII, along with those obtained by optical

microscopy for comparison.

It can be seen that in the temperature range

studied the growth rate measured by light scattering also decreases with

increasing crystallization temperature; however, the values of G are

somewhat lower than those obtained by microscopic measurements.
discrepancy may be attributed

to

on the light scattering patterns

This

the effect of the distribution of sizes

141

and the difficulty of determining

the position of the maximum scattering intensity.

There is no micro-

dens itometer available in this laboratory.

When compared with pure systems, dilution of the polymer should
Influence the free energy of nucleus formation and the transport processes involved in both nucleus formation and crystallite growth.
a polymer-diluent mixture

be expressed as

28

For

the work required to form a nucleus AF* can

TABLE VIII

A Comparison of Spherulitic Growth Rate of
65/35

Measured by Light Scattering and by Microscopy

G ,yra/min.

by Light Scattering

G,ym/min.
by Microscopy

(3.28±.50) X 10-1

(4.A6+.21) X 10-1

(2.15±.36) X IQ-l

(3.25±.17) X 10-1

(1.25±.21) X 10-1

(2.02±.08) X 10-1
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AF*

=

i^!^
Af;

where

and

kT (In V2)

^

bT^fT

(33)

are inter facial free energies per unit
area parallel and

perpendicular, respectively, to the raolecular
chain direction;
thickness of a monomolecular layer; and Af^

,

is

the

the bulk free energy of

fusion at the specified composition, can be expressed
by^^^

AH^ (T^ - T)
=

where

T^^

is

the melting point of the crystalline phase in the mixture

and AH^ is the heat of fusion per unit volume.

in Eq.
to

(33),

(34)

Tm

containing In V2

,

The additional term

results from the entropic contribution

the free energy that represents the probability of selecting the

required number of crystalline polymer sequences from the mixture with

volume fraction of polymer V2
Using the empirical relation of Williams, Landel and Ferry
(WLF)

1A3
,

the growth rate of polymer-diluent mixtures can be repre-

sented by the following equation:
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1

R (C2 + T - T

)

g

.

(35)
A b

exp

o

a

u

a

T
2a urn

T

m

e

K AH T(T - T)
V
m

The pre-exponential factor

b

o

(In vo)
^'

AH (T

m

- T)'

is multiplied by V2 because the rate of

nucleation is proportional to the concentration of crys
tallizable
units

Using the empirical relation

= ab

a

lateral surface of a chain-type crystal,

a

=

log G

AH
Eq,

with a = 0.1 for the
can be written as

(35)

m

- C

T(T

(36)

- T)

m

Here

0.2 T

1

a = log G - log V2 +

)

g

o

a

e

a

m

u

2.303 k AH

If

(log vo)
(37)

2.303 R (Co + T - T

A b

m

^

V

the growth rate for the blends can be described by Eq.

plot of a against T^/[T(T^ -

T)

]

(36), the

should be a straight line.

By

'
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substituting Ci = A120 cal/mole, C, = SLo^K^^^^

^

^

in

g

sample of different compositions (see Figure
47. where T
transition temperature of the amorphous blend^^)
in Eq.
ting a against T^/[T(T^ - T)

with a straight line.

] ,

is

the glass

(36)

and plot-

it was not possible to fit the
data

If, ho^zever, C2 = 51.6 is replaced by
C2 = 72,

a straight line is obtained on plotting a against
T /T(T

- T)

,

shown

in Figure 48.
It has been reported in the literature that in order
to fit

growth rate with theory, values of C2 higher than 51,6 were found.
example, Magill

147

slloxane (IMPS).

For

found C2 = 90 for poly (tetramethyl-p-silphenylene)-

Hoffman and Weeks

reported a value of C2 = 130 for

Nylon 6, and Boon, et al. , 148 obtained C2 = 75 for isotactic polystyrene.

The constant C2 deterrained by relaxation measurements also shows

small differences from one polymer to another.

From extrapolation of the line, log G

o

= 8. 86 or G
o

= 7.2 x 10®

ym/min. was obtained.

From the slope of the line it followed that

J^ffw-V
The product a

e

a

u

-

^5-0°K

(39)

can be calculated by using the value 35*4 cal/cm^ for

AH and a value of 4.38 R for b taken from the unit cell dimensions.
o
V
The result is
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To calculate both

used.

a^=

and a

^^^-^ erg2/cm'

"

""u

(40)

the empirical relation^'^^ a

U

= ab

O

AH

V

was

With a = 0.1 for the lateral surface of a
chain- type crystal, 146
6.5 erg/cra2 is obtained.

yields a

Substituting this value in Eq.

(AO)

= 27.0 erg/cm^.

By substituting Ci = 4120 cal/mole, C2 = 72°K and G

ym/min. in Eq.

(35),

o

= 7.2 x 10

the growth rate of PCL in these blends can be

expressed by the following equation:

G

=

7.2 X 10« V2 exp

2080

(-

T - T
8
(41)

149.7 T
exp

T(T

m

m

- T)

0.2 T

(In vo)

+
T

m

- T

In view of the above results, it is evident that for the blends the

dependence of the growth rate on temperature is very similar

homopolymers

.

to

that for

The addition of PVC causes a shift of the maximum grc^vth

rate to a higher temperature.

This shift can be estimated from the

glass transition temperature and the melting temperature of the blends.
The addition of PVC also depresses the spherulite growth rate.

It is

believed that the presence of PVC molecules contributes to the reduction
of the mobility of crystallizable PCL chain segments.
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F.

Overall Rates of Crys talli zati on

The relative extent of crystallization at
time
as

(V^ - V^)/(V^ - V^), where V^,

the sample at the beginning, time

tion process, respectively.

and
t

t

can be expressed

are the specific volume of

and end stages of the crystalliza-

A set of isotherms, plotted

as

(V
t

(V^ - V^)

[which is

1 -

(V^ . V^)/(V^ - V^)]

against log

in Figures 49 through 52 for different compositions.

sigmoidal isotherms are obtained.

t,

- V )/
00

are given

Characteristic

In addition, for each composition

the shapes of the individual isotherms at different temperatures
are

very similar

to one another and are

approximately superposable up

to 50

percent weight fraction crys tallinity by shifting each of the curves an
appropriate distance along the horizontal axis.

very similar
However,

to

This is qualitatively

that observed in crystallization of horaopolymers

^

.
'

the crystallization rate and the spacing between the isotherms

decreases with increasing PVC content.

Ihis indicates that the temper-

ature coefficient of the crystallization rate decreases with increasing
amounts of PVC.

Such a temperature coefficient change indicates that at

low concentrations of PVC the crystallization is a nucleation-controlled
process.

As

the concentration of PVC increases,

the diffusion of crys-

tallizable polymer segments to the crystallite-liquid interface becomes

more Important.

A retardation in the crystallization rate would be

expected.
The half-time of crystallization ^^12^ which is defined as the
time taken for half the crystallization to develop, is frequently taken
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as a

measure of the overall rate of
crystallization.

The half-times

of crystallization for polyblends of
different composition at different

temperatures are reported in Table IX.

Plots of the rate, which is the

reciprocal of the half-time, against
crystallization temperature are

shown in Figure 53.

As can be seen, for the blends with
less

than 35

percent PVC negative temperature coefficients are
obtained, while for
the blends containing more than 40 percent PVC a
rate maximum appears

in the temperature range investigated.

As indicated previously,

the

shift of maximum is due to the change in the glass
transition temperature and the melting temperature of the blend with
composition.

This

result is in accord with growth rate studies.
In order to examine the shape of the isotherms and temperature

coefficients in more detail, the data were analyzed according to Eq.
Plots of logarithm (-In (V^ - V^)/(V^ - V^)) against logarithm

(5).
t

for different compositions are shown in Figures 54 through 57.

The

experimental results are obeyed by the specified linear relation for
the early part of the transformation.

Each point in Figures 54 through 57 is the mean of at least three

experiments at the given temperature.
squares best fit to the data.
lines,

The lines represent the least

From the slope and intercept of these

the Avrami constants n and k were calculated and are given in

Table X.
As can be seen from these plots, the induction period for crys-

tallization increases at each temperature as the concentration of PVC
increases.

Table X shows that there is little, if any, change of the
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TABLE IX

Half-Tlme of Crystallization,

t

1/2

Composi tion

PCL/PVC

70/30

65/35

60/40

50/50

1/2

»

min

1/ ^1/2*

nii^i.

5

3.6

2.78 X 10-1

15

6.2

1.62 X IQ-'

25

20.0

.50 X 10'

'^

5

10

1.00 X 10"!

15

15

.67 X 10-1

25

37

.27 X 10-1

5

46

2.17 X 10~2

15

35

2.86 X 10

25

58

1.72 X 10-2

5

630

1.59 X 10-3

15

480

2.08 X 10-3

25

595

1.68 X 10"3

"2

^
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TABLE X
Avrarai Constants

Composition

T^,°C

70/30

5

2.86±.18

-3.1A±.10

4.36x10-2

15

2.60±.08

-4.25±.05

l.Al x lO'^

25

2.55±.14

-6.27±.03

1.95 x lO'^

5

2.82+.09

-6.22±.04

1.99 x lO"^

15

2.70±.12

-7. 17+. 06

7,60 x

25

2.93±.08

-9.49±.07

7,57 x lO'^

5

3.23±.04

-12.30+. 03

4.57 x lO'^

3.14±.18

-11.69±.12

8.50 x lO'^

25

3.26±.16

-12.86±.09

2.62 x lO'^

5

3.16±.14

-19.84±.13

2.45 x lO'^

15

3.22±.21

-19.35±.17

3.98 x lO'^

25

3.08±.17

-19.61±.08

3.16 x lO'^

65/35

60/40

15

50/50

n

,

In k

10"'+

8A

Avrami constant n with increasing PVC.
and the values of n are in the

neighborhood of

3.

It does not seem profitable
to try to extract

ingful information from this slight change.

tnea:.-

In light of the evidence

of spherulitic superstructure obser-zed in
these blends by optical

microscopy, it is suggested that for this system,
in the temperature
range investigated crystallization proceeds by
heterogeneous nucleation

followed by a three-dimensional growth.

Ha^ever, at each temperature

the constant k decreases sharply with increasing PVC
concentration.

For spherical growth with instantaneous nucleation, the
value of

k in Eq.

(5)

is given by"^^^

N

Att

^

where

p

and

p

^

3

C^2)

p^ [1 - X(co)]

are the densities of the crystalline and araorohous

phases, respectively; G is the spherulitic growth rate; N is the number
of potential nuclei per unit volume; and [1 tion of polymer that is crystalline at

Using Eq.

(42)

and the value of 1 -

is the weight frac-

t =

with the value of G measured by optical microscope
X(°°)

and reported in Table XI.

obtained by DSC measurement, N was calculated
As can be seen for each composition, the

number of nuclei decreases with increasing crystallization temperature,
and at each temperature the number of nuclei is slightly depressed by

increasing PVC content.

This result may be due to the supercooling

decrease because of the depression of the melting point of PCL.

For
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TABLE XI

Values of N Calculated from Values of
k

Sample

T

°r

G(vim/min.

c'

70/30

65/35

60/40

50/50

N(///cin^)

20

5.5

X 10"3

1.42

1.90 X 10^

25

1.95 X 10"3

1.30

.86 X 108

30

5.0

X

10"'+

20

2.40 X

X 10*"1

.98 X 10^

lO""*

5.05 X 10~1

1.62 X 10^

25

7.57 X 10~5

4.46 X 10"!

.74 X 10^

30

2.60 X 10"5

3.25 X 10"!

.66 X 10^

20

5.90 X 10"^

1.65 X 10"!

1.02 X 10^

25

2.62 X 10"^

1.32 X 10"1

.85 X 10^

30

1.20 X 10"^

1.06 X 10"1

.78 X 10^

20

3.70 X 10"^

1.3

X 10"2

.91 X 10^

25

3.16 X 10"5

1.45 X 10"2

.92 X 10^

30

2.20 X 10"^

1.20 X 10"2

.69 X 10^

7.9
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heterogeneous nucleation, the nucleation
density decreases with decreasing supercooling.

IT-.is

variance can be seen from the light
micrographs.
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CHAPTER

IV

SUMMARY AND CONCLUSIONS

A systematic study of the influence of
the polymer diluent, PVC,
on the crystallization of the highly
crystalline polymer, PCL, has been

carried out.

Hie addition of the diluent produces
changes in the mor-

phology, melting behavior, degree of crys
tallinity and crystallization

kinetics of PCL.
The observations made with the optical microscope
and the electron

microscopes indicate that for pure PCL crystallized at
room temperature,
the crystalline materials exist in a spherulitic
superstructure composed

of a fibrillar structure of lamellae radiating from
the spherulite center and twisting irregularly; for the blends rich in PCL
content, the

samples are almost completely filled with spherulites, which are also

composed of lamellae but twisting regularly.

Moreover, the texture of

the spherulites crystallized at the same temperature becomes increas-

ingly coarse and open with increasing PVC concentration.

The results

of the elementary analysis made with an x-ray spectrometer indicate a

uniform distribution of PVC molecules in the blends regardless of the
composition.

On the basis of these observations, it is believed that

the PVC molecules were trapped within the spherulites but were rejected

preferentially into interlamellar regions.

Thus, the diffusion of the

PVC plays an important role in governing the overall morphology of the
blends.
The results of small angle light scattering show that for the
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blends, in early stages of crystallization,
crystallites exist in

rod-like superstructures which gradually
develop into sheaf-like arrays

with increasing sector angle.

These ultimately form spherulices.

This

mechanism seems to be generally observed for
the early stages of spherulite growth regardless of the composition.
The melting behavior of the polyblends has been
investigated with
a differential scanning calorimeter.

The presence of PVC exerts a con-

siderable influence on the melting behavior of PCL.

For the pure FCL,

the melting curve shows a fairly narrow peak; however,
for the blends,
as

the PVC is increased the melting peak moves toward lower
temperatures

and the low-temperature tail enlarges.

These observations indicate that

increasing PVC lowers the crystalline order and/or crystallite size.

A

striking feature is that the low-temperature peak occurs at a fixed temperature, whereas the high- temperature peak is depressed by increasing
PVC.

The melting point depression of the polyblends analyzed with

Flory's theory, coupled with the known heat of fusion of PCL, indicates
that about 8-9 monomer PVC units act as a single diluent unit to depress
the melting point of PCL,

X-ray diffraction studies reveal that the unit cell dimensions of

PCL are not changed by the presence of PVC.
For the blends crystallized at room temperature, the degree of

crystallinity of the PCL present, measured by heat of fusion, density
and x-ray diffraction, decreases with increasing PVC.

This may arise

from the restrictions imposed by the very viscous diluent, PVC, which
reduces the diffusion of the PCL sequences.

Hence, the rearrangement

required for their crystallization
is severely impeded.
The dynamic mechanical properties
as determined by the
rheovibron

clearly show that for the polyblends
there are two transition processes

m

the temperature region investigated.

occurs at a temperature of about
-130°C.

A low- temperature relaxation

No systematic change in this

transition temperature with composition
was observed.

However, the

high-temperature relaxation regarded as the
glass transition shows a
systematic increase with increasing PVC
concentration.
shows a considerable influence on
the motion of amorphous sequences

Crystallinity

because the crystallites restrict
,

resulting in an increase of the

energy requirements for the transition and
thereby increasing T

.

For

g

the glass

transition, the activation energy for PCL was
estimated to be

about 38±5 Kcal/mole.

This increases with increasing PVC.

For pure

PVC it is about 109±9 Kcal/mole.
Tlie

crystallization kinetics have been studied by measurement of

both spherulitic growth rate and overall crystallization rate.

The

isothermal spherulitic growth rates were measured with an optical microscope and by light scattering.

Linear growth rates were obtained

for all samples at temperatures between 20° and 35°C,

The Introduction

of PVC into PCL results in a reduction in the spherulitic growth rate.

The reduction of the growth rate is another indication that the PVC

molecules reduce the mobility of the PCL chain sequences.

There is

also a tendency for the growth rate maximum to shift to higher temper-

atures and for the melting point of the blends to shift to lower tem-

peratures.

With the modified conventional nucleation theory of

spherullte growth employing the W^T form of
the transport barrier, values of 6.5 and 27.0 ergs/cm^ for

and a^. respectively, were
found.

The determination of the overall rate of
crystallization leads to

qualitative results which could be expected from
the results of the

measurements of the growth rate.

The overall rate of crystallization

made with density measurements is obviously strongly
affected by the

presence of PVC.

The half-time of crystallization increases sharply

with increasing PVC concentration.
analyze the experimental data.

The Avrami equation was employed to

It was found that for these blends, the

value of the Avrami constant k decreases markedly with increasing PVC
concentration.

This phenomenon results from both the increase in the

viscosity and the decrease in the number of nuclei
As the viscosity increases,

as PVC is increased.

the chains slip past one another with more

difficulty; therefore, the rate of rearrangement of the crystallizable

sequences is severely reduced.

As the content of PVC increases, on the

other hand, the supercooling decreases because cf the depression of the

melting point of PCL.

For heterogeneous nucleation, the nucleation

density decreases with decreasing supercooling.

The reduction of the

number of spherulites with increasing PVC concentration can be seen in
the optical micrographs.

This indicates that the diluent, PVC, is not

itself an active nucleation agent.

The Avrami constant n has a value

in the neighborhood of 3, almost independent of the composition.

In

light of these results it is suggested that for these blends the crys-

tallization proceeds by heterogeneous nucleation followed by

dimensional growth.

a three-
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CHAPTER

V

SUGGESTIONS FOR FUTURE STUDIES

1.

It was found in this research that
for the pure PCL the spher-

ulites consist of lamellae twisting irregularly,
whereas for the blends

containing up to 50 percent PVC the spherulites
appear with concentric
bands, owing to the periodic twisting of the
lamellae.

The period of

twist usually depends on the conditions of
crystallization, viz., crys-

tallization temperature.

It has been suggested^^^ that twisting
arises

because of a surface stress.

In a polymer crystal, the presence of the

folds may contribute an additional surface

s

tress

.

The stress may

also develop on the lateral edges of the lamellae due
to the incorpora-

tion of impurities, as suggested by Keith and Padden."*-^^

Tlierefore the

ring spacings may also be affected by the presence of diluent.

It would

be interesting to investigate the effect of diluent on the period of
twist of the lamellae.

Because such rings are closely spaced and near

the resolution limit of the optical microscope, it is suggested that an

electron microscope or wide angle light scattering technique"*"^^ can be
used

2.

As indicated in this work, with the blends containing up to

50 percent PVC the crystalline materials exist in a spherulitic super-

structure.

However, as the content of PVC increases the spherulites

become more imperfect.

It has also been shown in this work that the

crystallinity decreases sharply as the concentration of PVC exceeds

50 percent.

Therefore, the crystalline
morphology .ay be changed sub-

stantially because of the very low
crys tallinity of the substance.

It

would be desirable to examine the morphology
of the blends with low PCL
concentration.
This study could be difficult
because of the very low
crystallinity.

Light scattering appears to be a
promising technique

for this investigation.

3.

Isothermal crystallization of these blends is
adequately

described by nucleation and growth mechanisins

.

The measurement of the

overall rate of crystallization, coupled with the
spherulitic growth
rate determination, indicated that the number of spherulites
decreases

with increasing concentrations of PVC.

A further study of nucleation

rate should be performed to confirm this result.

4.

It has been reported

127-129

that v/ith many polymers the primary

crystallization is followed by a slow secondary crystallization, which
could arise either from crystallization of a more difficult to crystal-

lize component or from an increase in the perfection of the existing

crystallites.

In 1965, Price

153

developed a theory on spherulitic

crystallization which indicated that the amount of crystallinity at any

particular point within a spherulite depends on the age of that partic-

ular point.

One could correlate the crystallization kinetics of the

polyb lends with primary and secondary crystallization processes with
Price's theory, using a computer program.

5#

The molecular weight has been shown to be of considerable
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importance in influencing crystallization
behavior.

A series of studies

on narrow, well-defined fractions of PCL
blended with the PVC would be

desirable.

In the blends,

transport processes play an important
role

in controlling growth kinetics.

In the case of a polymer containing

impurities of very low molecular weight, extended
radial diffusion of

impurities may give rise to parabolic growth in
place of linear growth
as usually found.

Thus, it would be very useful to carry out
studies

over a wide range of molecular weights of PVC to examine
the effect of
the molecular weight of the diluent on the crystallization
behavior of
PCL.

6.

In this work it is indicated that the crystallization rate of

PCL Is depressed with the addition of PVC, and that the rate maximum

shifts to higher temperatures.

It is thought that these changes are

due to the changes in the glass transition and melting temperatures of
the blends.

It is important to measure the crystallization kinetics of

other compatible polymer blends to determine if their crystallization

transformation proceeds by the same mechanism and similar kinetics.

7.

It has been reported

15A

that the morphology of incompatible

copolymers is considerably affected by the physical conditions of pre-

paring the samples.

An important variable is the solubility parameter

of the solvent used in preparing the samples.

The segmental raiscibility

of a compatible polyblend may also be changed by the solvent used in

casting the films.

Phase separation may occur when changing from

a

good solvent to a poor solvent for either or both of the components.
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Therefore, the crystallization kinetics
and the resulting morphology may
be changed as well.
It would be interesting to
investigate the solvent

effect on the crystallization of the
polyblends, both kinetically and

morpho logi cally

8.

When a polymeric system is subjected to
stretching, the molec-

ular chains are distorted from their most
probable configuration.

This

leads to a decrease in configura tional entropy.

the

As a consequence,

tendency toward crystallization is greatly enhanced.

Many researches

have been conducted on polymers that have crystallized
under stretching.
Of these studies, most have dealt with crosslinked
systems.

Because

the amorphous polymer PVC has the ability to sustain
relatively large

strains or deformations, it would seem worthwhile to study the rate
of

crystallization of blends of PCL and PVC under stretching.

Gradual

changes in half-time and growth rate v/ith stretch would indicate the

relationship between crystallization rate and orientation.

9.

Polymers are subjected to shear during processing.

Hence,

studies on shear crystallization of the polyblends would probably be
of great importance.

Ulrich"*"^^ and Fri tzsche"*"^^ have studied

tallization of polyethylene oxide under shear.

the crys-

They found that the

crystallization kinetics and resulting morphology of the materials were
changed by shearing.

It appeared that the major effect of the stress on

the system was to increase the nucleation rate through elastic orienta-

tion of the molecular chains.

The presence of a diluent in a polj^eric

system may affect the orientation of the molecular chains.

It would be

useful to study the shearing effect o.
the crystallization of
polyblends.
Because of the high viscosity of PVC,
another poly:„erlc diluent should
be chosen for this research.

APPENDIX

I

The Computer Program for the Calculation
of Molecular Weight and Molecular
Weight

Distribution from GPC Data
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APPENDIX II
The Value of a""^^ for the
Calculation of |e*

Tan 6 Range of
Amplitude Factor
(db)

0

31.6

10

10.0

20

3.16

30

1.00

40

0.316

50

0.100

60

0.0316

100

APPENDIX III
The Computer Program for the Calculation of

Dynamic Storage Modulus and Loss Modulus
from Vibron Data
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